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Abstract

In current survivability studies, the nuclear

U bursts are treated as independent events. Using this

method, the effect of thermal radiation from one fireball

at a time is studied. This treatment does not consider

the cumulative effects of receiving thermal radiation from

more than one fireball at a time. The purpose of this

thss -to deve lU a corn uterdrogram to model the

cumulative effects-of>thermal radiation, and compare these

results to those from.th. noncumulative case.

tfhe scenario studied was the Peacekeeper Dense

Pack missile system. The missile field was subjected to a

walk attack of 2 MT weapons every two seconds. (a iming

error of the incoming RV was modeled using a 10-cell 6.£r--: ' " I P

cular error probable (CEP) 'area around the designated

ground zero, and the probability of damage due to an RV

was calculated using a cumulative log-normal distribution

function. -..... •

In orderýo model themtemperature riseA of the

missile skin, ,an energy balance was made over a unit area

of skin surface and then solved using the thin skin approxi-

mation and finite differences.\ The resulting equation

gave an expression for the skin )temperature at a time t

xii

I"



after the first burst detonated. The maximum temperature

reached was (ý,WA-sed to calculate the probability of
damage to the missile skin. - ....

To model cumulative thermal effectm,;;?the amount of

thermal radiation emitted from each burst was added

together to calculate iabskin temperature. This method

resulted in temperatures iMt•-w.mmsignificantly higher

than the temperatures calculated for each burst indepen-

dently. ,oquent ulative thermal effects\proved

i ruto have a greater region of no survival than noncumulative

thermal effects and also blast effects.

xiii
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CUMULATIVE THERMAL EFFECTS IN A

MULTIBURST SCENARIO

1. Introduction

Background

A nuclear weapon releases a large portion of its

energy in the form of electromagnetic radiaticn. This radi-

ation, which is emitted within a microsecond after the blast,

is called primary radiation. Since the primary radiation

is emitted at tens of millions of degrees, it is in the

soft X-ray region of the electromagnetic radiation spectrum.

Therefore, for a low altitude or surface burst, the radia-

tion in almost immeiiately absorbed by the atmosphere. As

a result, the air is heated and forms a fireball that in

turn emits thermal radiation in the ultraviolet to infrared

I regions of the electromagnetic radiation spectrum. This

secondary thermal radiation travels a long distance from

the burst in a short time. The fraction of the bomb yield

that is emitted as effective thermal radiation (primary

plus secondary) depends on the height of the burst, the

I total yield, and other weapon characteristics.

As the thermal radiation travels through the air,

it diverges and is attenuated by absorption and scattering

processes with air molecules and other particles. These

* 1
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processes depend on the wavelength of the radiation and

'U atmospheric conditions that vary with altitude and the size

and density of the interacting particles. Thus, the amount

of thermal radiation incident on a target is determined by

3 the total energy yield, the height of the burst, the dis-

tance from the target to the burst, and the changing charac-

teristics of the atmosphere.

At the target, a fraction of the incident thermal

radiation will be absorbed. For a given surface material,

only a small amount of the absorbed energy will be dissi-

pated away from the surface by conduction, convection, or

re-radiation. Therefore, the absorbed energy is contained

in a shallow depth of the target skin, resulting in high

temperatures that could damage the skin material. The pur-

pose of a survivability study is to determine what this

skin temperature will be in order to predict the target's

probability of survival. If the skin temperature is above

the sure-kill temperature of the skin material, then the

Sprobability of survival will be zero. If the temperature

is below the sure-safe temperature, the probability of sur-

* vival will be one.

LM In current multiburst scenarios, the thermal effect

due to each burst is treated as an independent event, mean-

ing that the temperature rise of the target skin is con-

sidered to be the result of thermal radiation emitted from

only one fireball. For a series of bursts, the temperature

*2
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rise would be monitored individually, resulting in a proba-

i bility of survival for each burst. The probabilities would

then be combined to arrive at a final probability of sur-

vival for the target. This method of treating bursts as

3 independent events will be called the noncumulative case.

The cumulative case is the case of considering the tempera-

ture rise of the target skin to be the result of receiving

thermal radiation from more than one fireball at the sameU •ime.

Problem and Scone

The purpose of this thesis project was to develop

a computer program to calculate the skin temperature rise

of a missile subjected to cumulative thermal effects from a

series of bursts occurring during the missile's flight.

The probability of survival for this case was then compared

to the probability calculated for the noncumulative case to

I demonstrate the need for considering cumulative effects.

Furthermore, since blast effects are generally considered

more lethal than thermal effects in the noncumulative case,

3 the cumulative results were also compared to results from

noncumulative blast effects to determine if thermal radia-

3 tion becomes the kill mechanism. During this research,

no effort was made to vary the threat conditions or to

optimize the probability of survival for a missile.

Instead, the intent was to show that treating each burst

*3
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as an independent event gives results that severely over-

estimate a missile's probability of survival.

I The burst-target missile system studied was the

Peacekeeper close-spaced basing (CSB) system, more commonly

known as Dense Pack. Although this system is no longer

being considered for national defense, it is useful for

showing the differences between the cumulative and noncumula-

tive cases. The configuration of the missile field is shown

in figure 1. The field is subjected to a walk attack start-

ing at silo #1 and proceeding every two seconds to silos

#2, #3, #4, and so on. The basic scenario studied was that

of a missile launching at the same time as silo #1 is hit.

3 Assumptions and Limitations

The following assumptions or limitations were made

to simplify the analysis:

1. Cratering and blast effects produced by the

I burst are not modeled.

2. The fireball is considered to be an isotropic

point source of thermal radiation. Furthermore, the point

S .source is assumed to be centered at the top of the rising

dust cloud created by the fireball.

3. The amzunt of scatter and absorption of thermal

radiation in the air is quantified by using the trans-

mittance r, which is the fraction of direct and scattered

radiation transmitted from burst to target. An expression

4
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for T as a function of slant range will be developed from

data presented for a cloudless atmosphere with a visibility

of -20 km (Glauatone and Dolan, 1977:318). This expression

for T does not acoount for the decrease in transmitted

3 radiation due to the dust that has been lifted into the

air.

j 4. The thermal conductivity and specific heat of

the missile skin material are assumed to be independent of

I temperature and therefore constant during the heating of

the skin. This is a reasonable assumption for temperatures

between 619 OK and 809 OK (Touloukian et al., 1970: 1

(Vol 1) and 1 (Vol 4)], the sure-safe and sure-kill inten-

sities chosen for an aluminum missile skin. Although the

assumption is not true for temperatures above the melting

point of the missile skin, the change in material proper-

ties is not important compared to the fact that melting

constitutes a 100% failure of the missile.

5. The missile skin surface is modeled as a flat

plate rather than as its actual shape of a cylinder. This

assumption is reasonable for an energy balance made over a

I square meter of skin surface. For a Peacekeeper missile

with a diameter of 2.3 m (Young, 1984:168), the difference

between a flat surface and a curved surface is -3%, an

shown in figure 2.

Also, the slant range from burst to missile in not

i calculated for a specific point along the missile's length.

I 6
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d 92 in -2. 3368m

a - re c- 2rain
2

a A &curved A Af lt

4 surface surface
a % difference .

Acurved

r 1.184m surface

For a square moter of flat surfacei

e a ..844
C " 1.033m

missile aross-section ' difference a 3.2'

Fig. 2. Comparing a Flat and Curved Surface

i Again, for a Peacekeeper missile with a length of "21 m

(Young, 1984i169), the difference in slant ranges calcu-

lated from either end of the missile would not be signifi-

cant for the distances involved.

i. The missile's position and velocity at any

i time are given in figure 3. The missile has no velocity

component in the y direction and therefore flies straight

north, as indicated in figure 1.

7. The walk attack is assumed to occur with per-

feet timing and at a perfect height of burst of 0 m (i.e.,

a surface burst). Thus, the only aiming error considered

is the RV's horizontal distance from designated ground zero,

7
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where designated ground zero is the location of the tar-

3 gated silo.

9. The probability of damage is a function of

U intensity rather than range and is described using a cumula-

3 tive log-normal distribution function.

9. The analysis considers only bursts that occur

on or after a missile's launch time. This assumption

simplifies the computer simulation of the problem.

AhDroach

3 An expression for the rate of heating at the sur-

face of the missile skin was derived from an energy balance

over a square meter of the flat surface. This balance

included absorption, convection, and re-radiation, but it

was later determined that re-radiation was not significant

for the temperatures of interest. The energy balance was

then solved for the missile skin temperature using a simpli-

fication called the thin skin approximation. The calcula-

tion of the maximum dkih temperature for a series of bursts

involved an iterative process that modeled the cumulative

effect of more than one burst by combining the amount of

thermal radiation emitted by each burst at a particular

time. The maximum skin temperature was then used to calcu-

late the probability of survival for the missile.

*9I



I

Presentation

The derivation of the equation for the missile skin

temperature, a discussion of how the probabilities were

calculated, and an explanation of how this information was

3 used to determine the probability of survival in both the

cumulative and noncumulative cases is presented in Chap-

ter 11. Chapter III summarizes the conditions and param-

eters used in this study and explains the reasoning behind

I the choice of the parameters. The results of the study are

discussed in Chapter IV and conclusions and recommendations

are presented in Chapter V.

H
|

I
I

I
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II. TheoryI
This chapter contains the theory used to ditermine

the probability of survival of a missile subjected to

s thermal radiation in both the cumulativo and noncumulative

cases. First, the, derivation of the equation fnr the maxi-

mum skin temperature is presented, followed by an explana-

tion of how thin equation is used for a single burst. Next,

the probability of damage function and aiming error are

introduced. This information is then used to explain how

the probability of survival is calculated for the noncumula-

tive and cumulative case.

Derivation of the Eauation for

Maxi~num Skn-TEmverature

The missile's probability of survival for the

thermal threat is calculated using the maximum missile skin

temperature reached during a burst scenario. An equation

for this temperature is derived using an energy balance

over a unit are4 of missile skin surface and a simplifica-

tion known as the thin skin approximation. The followitig

presentation of the derivation is taken from McKee (McKee,

1984:1-8).

The cylindrical shape of the missile is not con-

s.idered for this derivation. Instead, the missile skin is

S~11



modeled as-a finite slab of thickness d, with no heat lost

from the back wall of the skin (x - d) and no heating from

air friction. The energy balance for a unit area of missile

A skin surface (x - 0) in terms of fluence is:

heat absorbed convection - Fradiation (2.1)

where

F heat " Total amount of energy/m2 available toheat the missile skin at x - 0

Fabsorbed - Amount of incident thermal radiation
that is absorbed by the missile skin

Fconvection - Amount of absorbed radiation that is
o tlost to convective cooling by air
radiation " Amount of absorbed radiation that is

re-radiated as IR black-body radiation
to the environment

Since this equation must hold for all times, the

time derivative may be obtained to yield the following

differential equation:

Fheat 0 iabsorbed convection radiation (2.2)

where the dots indicate the time derivative or a rate.

The total amount of energy available for heating,

PFheat' will be conducted from the skin surface through the

skin thickness, If the flow of heat is assumed to be one-

dimensional and the properties of the medium are constant,

I then the conduction process is described by the heat

12



I
transfer equation (Holman, 1976:102)t

a 2KT(xit) = 1 M t (2.3)
a x2 K at

I where K - thermal diffusivity (m 2/sec) -kL
,.- . Lcpp

k = thermal conductiviAty (J/m-e-OK)

c p - specific heat capacity (J/kg-OK)

p - density (kg/m3)

T(xlt) - skin temperature (OK) at depth x and time t

This equation can be used to estimate the thermal diffu-

sion time tdif required for heat to be conducted through

the skin thickness d (see Appendix A). The result Lio

tdiff - d2 /K (2.4)

-If tdiff is much less than the time scale over which the

thermal pulse occurs, the missile skin will essentially be

at a uniform temperature throughout x at any given time t.

The thermal pulse time scale is tmax, the time of the second

thermal maximum. For air bursts below 4572 m, the expres-

sion for tmax is (Glasatone and Dolan, 1977:310):

tmax a 0.0417 Y.44 (2.5)

where Y is the yield in kilotons. This expression will

also be used for surface bursts. Thus, for uniform heating

*13



to occur:

tdiff << tmax or d << (K-tmax) 5  (2.6)

I If d fulfills the above requirement, then the thin skin

approximation of uniform temperature throughout the skin

thickness is valid. As an example, tmax is '1.18 see for

a 2 MT burst and the thermal diffusivity of aluminum in

cm 2/sec, so that (K'tmax)" is ~i.0 cm. Therefore, a

I reasonable value for d would be ten times less than this

value, or 0.1 cm.

An expression for F hea in equation (2.2) can be

f-l derived from equation (2.3), the thin skin approximation,

and Fourier's law of heat conduction (Holman, 1976:2):

h(x,t) - -k OT(xt) (2.7)

where F is the rate of heating. Differentiating (2.7)

with respect to x and substituting into (2.3) yields:

a(x,t) M cpŽ 9T(x,t) (2.8)"a•x p t

If the thin skin approximation applies, then T(x,t) becomes

a function of time only and the temperature at x - 0 equals

the temperature at x - d equals T(t). The above equation

can then be integrated over the skin thickness:

Sdx cp- dx (2.9)
"0 ax 0 t"

14
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to obtain:

I f(0,t) - fr(drt) - c pd ( dT t)) (2.10)

By the definition of thsat and the assumption that no heat

in lost at x *dp the final result in:

'I hea -a ~j.-(2.11)

where a - c pd.

The amount of incident radiation absorbed is:

Fabsorbed "Paincident (2.12)

E where

a w aboorptivity of missile skin

Finidetrn ra diant exposure from a burst (Glasstone and
noenlans 19770316)12

* CF - .l X1 ( /rn2) (2. 13)
41T (BR) 2

tf w thermal fraction or effective thermal par-
tition: fraction of bomb yield appearing in
the form of thermal radiation - .18 for a

surface burst (Glasitone and Dolan, 1977:319)

Y - bomb yield (kt)

T n transmittance of atmosphere

SR - slant range from thezmal radiation point
source to missile (in)

CF = a correction factor: sinVP), where *-angleI between missile skin surface and slant range
vector



The energy absorption rate is:

1abob d r -dincident (2.14)

The convective cooling term can be written immedi-

Iately an a rate as follows (Holman# 1976:12):

I convection a h(T(t) - T air (t)] (2.15)

* where

h - local convective heat transfer coefficient

Tair (t) = temperature of ambient air at missile altitude
(OK)

The variable h depends on the velocity and temperature of

I the air flowing along the missile and is calculated for a

specific point on the missile skin. Appendix 9 describes

how h is calculated for a flat plate heated to a uniform

temperature over its entire length.

The expression for the rate of black-body radiation

is (Holman, 1976:13)s

iradiation [T a(t) 4 _ (T)i 1(.6

where a is the Stefan-Boltzmann constant - 5.6696X10-8

2_
J/M ..5.K4  The radiation term will be insignificant for

skin temperatures below 1000 OK, which is the case for the

* 16
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scenarios considered in this study. Thus, radiation is

neglected in the analysis.

Equation (2.2) can now be written as:

I d)incident .h[T(t- (01 (a = dt " air

This differential equation is solved using the method of

finite differences. Choosing tmax an a finite time step,

the following replacements are made:

Fincidt at

dt tma

T +T
T (t) -2- 2

where the time steps are numbered as j l 0,2,3,...,N and:

T2 - temperature at the end of the jth time atep
(OK)

T temperature at the beginning of the jth time
step (OK)

IQ - total thermal fluence that is incident on the
missile during the Jth time step (J/m2 )

SpecificAllys

AQj - ACTj Fincident (2.18)

17



where n is defined in equation (2.13) and ACT is
the difference between the fraction of thermal energy

emitted up to the beginning and up to the end u: Lhe jth

time step. The Iraction of thermal energy emitted at

time t# CTJ, is plotted versus normalized time (t/tmax) as

the right hand curve in figure 4.

Kmi After making the above replacements and solving

for T2, equation (2.17) becomes:

h-_t

T... - h t' (2.19)
(a +

Thus, the missile skin temperature at the end of time

step j can be found using equation (2.19). This equation

is next used to calculate the maximum skin temperature

I reached for a single burst.

Calculating the Maximum Skin
Temperature or a S-ingle Burst

3 The following definitions are needed to describe

how the maximum skin temperature is calculated for a single

burst:

t a time of missile skin exposure to thermal
energy. t is also equal to the time of thermal
energy emission by a burst because radiation
travels at the speed of light.

3 - time into missile flight

it a launch time of the missile. At It, tm -0

18
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tbu time of burst. At tb, t - 0

to , time into missile flight when burst occursto 0- tb - It

Thus,, two independent time lines ire occurring: one defining

the missile flight and one defining the thermal radiation

emitted by a burst. Figure 5 showe the relation between

these time lines and how j is defined for each time step

after a burst.

esosure to
therusi radi-
ation

0 1 2 3 t~f tminesinto
missile9' its 2t;jax 3Umax t

, oo •tb Use of burstI' t t0+. o 2maim 0O max tb-ht

j time so

Fig.' 5. , Single Burst Tim Lines

The procedure for determining the maximum skin

temperature is an iterative process that begins by calcu-

lating T2 at the end of the first time step (j u 1). To

do this calculation, the variables Ti, AQ, Tair# and h

must be known. For the first time stop, T 1 is assumed to

be equal to Tair at the missile altitude at the time of

burst. The actual value of T1 would be higher than Tair

20I
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due to aerodynamic heatingt but the assumption is good for

3 a slowly Movikn missile. 6Q, Tair, and h are dependent on

missile and/or burst characteristics that change with time.

The missile characteristics are velocity, altitude, down-

*1i range-distance, and the flight path angle e, the angle

between the velocity vector and the horizontal plane. The

burst characteristics are CT and the height of the fire-

ball Hfb4 If the fireball is assumed to be at the top of

I the dust cloud, the following equation can be used to calcu-

late Hfbj (MoGahan et al.# 1971#40):

Rfbj - 21,640.8(W- 1 7 7) (_-(l-t/t*)32 (2.20)

where W * yield in megatons and t5 - cloud stabilimation

fl time a 240 sec (Bridgman, 1984).

Missile characteristics are calculated at an

I average time tm 0 tO + (J-.S)*tmax, the midpoint of each

time step. The altitude and velocity are then used to

calculate Tair and h. This value for h represents the

average amount of convective cooling that occurred duringi

the Jth time step. To calculate the slant range (SR), all

U missile characteristics are needed and the height of the

fireball must be known at time t - (j-. 5 )*tmax* Once SR

is known, the variables CF and T can be determined. The

quantity ACTj is calculated for the time between J and J-1,

and is used with SR, CF, and T to determine AQ. Details on

f how to calculate missile characteristics, burst

I 21
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characteristics, h? t ail' SR# CF, and T are found in

Appendices B, C, D, E, and P.

Once the necessary variables are known, T 2 can be

calculated for time step j. For the next time step, TI

is set equal to T 2 and new variables are determined to

calculate a new T 2 for that time step. This iteration

I process is continued untilt

I. T is found to be less than T1. This indi-

cates that the amount of heat removed by convective cooling

is now greater than the amount absorbed and therefore the

skin temperature will continue to decrease. The maximum

akin temperature reached is the current value of Tit or

2. The numbei of time steps j *tuels 10. The

I process is stopped here because 00% of the thermal radia-

tion from the burst has been emitted, and the value of

ACT would be negligible for the remaining time steps (see

figure 4). The maximum skin tempeoature reached ib the

value of T2 at j M 10.

The iteration process to calculate the maximum skin tempera-

tare for a single burst is summarized in the algorithm

prnu-nted in table I. The maximum skin temperature is then

I used to determine the probability of damage.

C'urvivabiViX And Aiming Error

For th2,c analysis, the probability of damage is

i based on the .,re mafe and sure kill intensities I and Isk,

I 22
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I TABLE I

ALGORITHM FOR FINDING MaxT FOR A SINGLE BURST

1 1. Set j il T Tr at tm - to

2. rind missile velocity, altitude, down-range-
distance, and e at tm - to + (J-.B)*tmax
(See Appendix B)

Find fireball height at t - (J-.5)*tmax
(See equation (2.20))

Find ACTI for the time J-1 to j
(See App6ndix F)

3. Calculate h, Tai SR, Cr, andT
(See Appendices E, D, and E)

4. Calculate 6Q using equation (2.18)

5. Calculate T2 using equation (2.19)

6. If T2 < TI, then go to step 8
Otherwise, set T 1 , T2

7. If J < 10, then j - j + 1 and go to step 2
Otherwise, go to step 8

8. Maximum skin temperature MaxT 1

2

I
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where intensity refers to temperature. For aluminum,

Ion and Isk are chosen to be 619 OK and 809 OK respec-

tively (Bridgman, 1984). The probability of damage is

calculated using the cumulative log-normal distribution

function:

1 1 exp[I -a") 2Id (2.21)

where the intensity I refers to the maximum skin tempera-

ture, MaxT. The parameters a' and 0' are calculated using

I soand I k. By definition, if Pd( ) ( a 0.98 and Pd(I k)

0.02, then from equation (2.21):

I l - in (I s.1 k) (2.22)

1' in (sk (2.23)

A more detailed discussion of Pd (1), a', and 0" is pre-

sented in Appendix G.

The probability of damage calculated using the

temperature determined from the procedure in table I is

the probability of damage from an RV that was assumed to

hit at its designated ground zero, or at the center of the

targeted silo. However, in reality each RV will have an

aiming error that could cause it to land at a point other

than its designated ground zero. Since the position of

24
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the burst must be known to calculate MaxT, the aiming error

needs to be quantified. This is done by dividing the area

around a silo into discrete cells whose dimensions are

such that each cell has an equal probability of being hit.

Although the dimensions of these cells are fixed, the posi-

tion of the cells around the designated ground zero is not

unique. Figure 6 shows the ten cell configuration used in

this analysis. It also shows <pi> and <ei>, the two param-

eters that locate the cell centroids such that each cell i

is of equal probability. The values of <Pi> depend on the

circular error probable, or CEP, which is defined as the

radius inside of which 50% of the incoming RVs will hit.

The method of calculating <p,> and <ei> is described in

Appendix G.

The point defined by <P7 and <ei> for cell i is

used as ground zero for calculating MaxT. Thus, for a

single burst, ten different burst-missile configurations

are possible and each configuration will have an associ-

ated probability of damage. The total probability of

damage for N cells is:

lN

Pd "I i-i Pdi(MaxT) (2.24)

and the probability of survival is then:

P5  1 -Pd (2.25)

25
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Fig. 6. Ten-cell CEP

The calculation of Pa for a series of bursts depends on

whether the noncumulative or cumulative case is being con-

sidered.

Calculating the Probability of
s__ _ a Nor nR a=at yve
Burst Scenario

For the noncumulative came, each burst is treated

as an independent event. Thus, the temperature rise caused

by one burst is not affected by the additional thermal radi-

ation from a subsequent burst. Each independent event k has

26
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an associated probability of survival Pk calculated from

equation (2.25). The total probability of survival for all

bursts considered is then:

total #
Total of bursts (2.26)

- IT PSTt k. i

Calculating the Probability of
Surviva or-aCumulate
Burst Sce-ario

For the cumulative case, each burst is not treated

as an independent event. Rather, the amount of thermal

energy emitted by each burst will affect T 2 through the term

AQ in equation (2.19). Equation (2.18) can be rewritten as

an expression for AQ for a burst k:

k tf-Y-4.186X!012 CFk Tk ACTIk* tfy4l6.Q. - (2.27)

3 where y is the same for each burst and the terms in paren-

theses are burst dependent. SRk, CFk, and k are calculated

"using the position of burst k, and ACT ik is calculated based

5 on the time of burst k.

Figure 7 shows the timing for a series of four

2 megaton bursts. The missile is launched at it, the first

burst occurs at tbI, and all other bursts occur at two

second intervals after tbI. All calculations for bursts

2, 3, and 4 are referenced to the time steps of burst 1.

27
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For 2 MT weapons, tmax • 1.18 seconds, so the time steps

are shown to be shorter than the interval between bursts.

Because thermal energy is additive, the term AQ in

equation (2.19) will be a sum of the thermal energy emitted

by each burst that has been detonated by time t. For

example, at j - 3, the missile will be exposed to the

thermal energy from two bursts. AQI will be calculated as

described in table I, using missile characteristics and

Hfb 1 calculated at the midpoint of the'time step, and

ACT calculated for the time between j - 2 and j a 3. For
j2

the calculation of LQ at j - 3, the missile characteris-

tics will be the same as those for A01 since they are based

on missile launch time and therefore do not depend on burst

time. However, the slant range will be different because

of the different position and fireball height of burst 2.

The quantity ACT 2 will also be different because burst 2

has not emitted as much radiation as burst 1 for the time

between t/tmax - 2 and t/tmax - 3.

For a burst k occurring at time tbk (where k > 1),

ACT k will be calculated at time t'- (tbI + J*t

S- tbk)/tmax. For the time steps where the emission of a

burst k (k > 1) does not last the full time step, as for

j - 2, 4, and 6, the calculation of AQk is slightly altered

by finding the missile characteristics at a time that is

the midpoint of the first "shortened" time step of burst k.

Once all the AQks are calculated, they are added to get

29
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the total AQ, and this term in then used in equation

(2.19).

The calculation of P Total also changes for the

LI cumulative case. Instead of a series of four 10-cell con-

figurations, now each combination of configurations must

be considered. For k bursts, each with a 10-cell CEP, a

total of 10 configurations are possible and therefore

10k Pd(MaxT)'s must be calculated. The total probability

of survival for k bursts is then:

P 4 Total -Pi .ijv - d (MaxT) (2.28)
10 i-l i

The equation for the maximum temperature and the

information on how to calculate the probability of survival

can now be used to develop a computer program that deter-

mines Pa for a series of bursts. However, the final ver-

sion of this program depends on parameters that are dis-

cussed in the next chapter.

30
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I. Problem Parameters

The solution to the problem of determining the

3 maXimum skin temperature and the probability of survival for

a missile required a number of specific burst and missile

conditions and also the choice of certain limiting param-

stars. These conditions and parameters are summarized in

table I1. The remainder of this chapter explains the

reasons for choosing the parameters listed in table 1I and

also describes how the calculation of the maximum skin

I temperature was adapted to solution on a computer.

,Ihoosing the Maximum Number

07 Bursts

The maximum number of bursts affecting the missile,

maxb, is an important quantity because it determines the

number of burst-missile configurations that need to be con-

sidered in order to calculate the probability of survival

for the missile. For each burst with a 10-cell CEP, a total

Sof 10maxb configurations are possible and therefore 10 maxb

maximum skin temperatures must be calculated.
W Because the missile is accelerating and rising away

from the fireballs, it is possible that an upper limit to

I the number of bursts exists. Any bursts occurring after

this limit would not raise the skin temperature further.

*31



TABLE II

CONDITIONS AND PARAMETERS CHOSEN FOR STUDY

System
Close-Spaced Basing, or Dense Pack (nsee figure 1)

Threat Conditions a
Walk attack starting at silo #1 and continuing every

2 seconds on successive silos
Weapon Yield: 2 MT
Height of Burst: 0 m

For surface bursts, tf - .18
(Glasatone and Dolan, 19770319)

Missile Conditions: -
Missile volocity, altitude, down-range-distance, and

flight path angle shown in figure 3 as a function
of time

Skin material: 6luminum
K - .0001 md/a
P - 2700 kg/m3So•- 900 J/kg-OK

ISO* 619 OK
Zak 809 OK

Skin thickness: d - .001 m

Probability Conditions:
RV aLming error only for ground zero 10-cell CEP
Probability of damage based on intensity and calcu-

latod using the cumulative log-normal distribution
function
Pd(I,,) :- .98
P d(I sk) - .02

Parameters:
Max mu number of bursts considered: maxb - 4
Maximum number of time steps neededi 11
Heat transfer coefficient calculated at xm - 5.5 m
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This upper limit can be estimated quickly for any missile

i by calculating T2 for a series of bursts and assuming that

each RV lands at its designated ground zero (i.e., at the

center of cell #1 or a 1-cell CEP). Appendix H shows that

the estimated upper limit to the nuftoor of bursts was found

to be eight, requiring the maximum skin temperature to be

calculated 108 times. However, in the interest of reducing

the amount of computer time, the maximum number of allowed

I bursts was chosen to be four. Although the probability of

survival for a four-burst iiýrnario is an optimistic result,

the sconario adequately deronstrates the effects of con-

sidering the cumulative versus the noncumulative case.

SChoosinq the Maximum Number
0 t a N§ede

For the cumulative case, computer time can be saved

if the number of time steps necessary to determine the maxi-

mum skin temperature is known. The reason for this will be

explained later in this chapter. For a single burst, the

time considered was t a 10*tmax (see Chapter II). However,

for multiple bursts it is possible that the skin tempera-

I ture could continue to rise after t - 10*tmax, even though

the contribution of thermal radiation from the first burst

is negligible after this time.

Figure 7 showed the duration of significant thermal

radiation four 2 megaton bursts to be approximately 15*tmax

I
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or ~17.8 seconds long. However, Appendix I shows that for

a 1-cell CEP situation, the maximum skin temperature is

reached before j a 10 . Therefore, to be safe, the maximum

number of time steps needed was chosen to be eleven.

Choosina the Position for the
Local Heat TransTr--Coie-i c-ent

The last decision to be made was the choice of

the point along the flat plate representing the missile skin

where the local heat transfer coefficient is calculated.

McKee chose xm = 5.5 m, the location of the third stage

joint on a generic missile (McKee, 19840). Comparing

I values of h for various choices of xm (see figure E-l)

showm that the chosen value of xm gives heat transfer coef-

ficients that are between those for the minimum and maximum

amount of convective cooling. Thus, the location of xm

- 5.5 m represents a position where an average amount of

convective cooling occurs along the missile skin.

Adagtiaj the Problem to
a Computer Program

As explained in Chapter I1, determining the proba-

bility of survival for a missile exposed to k bursts in the

cumulative scenario requires calculating 10k maximum skin

temperatures, one calculation for each geometric configura-

tion due to the 10-cell CEP of each burst. Of the vari-

ables used to calculate T2, AQ, or h, only the slant range

SR, the transmittance T, and the term CF depend on the
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burst location. Thus# to minimize computer timet certain

variables can be calculated once and stored for future use.

Specifically, once the missile launch time It, the

time ol the first burst tbI, and the total number of neces-

sary time steps are known, the midpoint of each time step 3

can be calculated as t - t0 + (ja.5)*t max. Missile charac-

teristios, the ambient air temperature, and the heat trans-

fer coefficient can then be calculated at these times and

stored in one-dimensional arrays whose indices refer to the

particular time step 3. Finally, knowing the total number

of bursts to be considered and the time of each burst, the

terms ACT, and Hfbi can be calculated for each time step j
and each burst k and stored as a k by j array.

The procedure for calculating the maximum skin

temperature for the cumulative case can now be presented

using information from the above sections and Chapter II.

The algorithm is shown in table 111. An mentioned before,

the procedure has been simplified by precalculatinq and

storing certain variables for use daring the iterative

process of calculating T2 .

A FORTRAN77 computer progrant that follows the

algorithm in table III is presented in Appendix K. This

program was written on a Corona PC (MS-DOS) and was also

used on a VAX 11-780 at the Air Force Institute of Tech-

nology. The program calculates the maximum skin tempera-

ture for the conditiona given in table II and allow.,j the

35
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TABLE III

ALGORITHM FOR FINDING THE MAXTRMUM SKIN TXMPERATURE
FOR THE CUMULATIVE CAS?"

IlA

1. Knowing it and tbj, calculate and store mi l'ile
velocity, altitude# down-range-distance, end
e at tM U to +(j-.5)*T max, whe.-* j I 1. 11.

Calculate and store Tair and h at the au,, times.

Knowing matxb and thc times of the bursta, .Vculate
and store 0Q and Hfbj for each burst And tir-
step.

2. Set j a 1, T1 - Tatj at tM " t , T2 to be any
number greater than Ti, and the number c•f . rhats
nb 1.

3. Zf T 2 >T 1 and j<.- i then:

a. The current time step is i m i+ 1: AQ0 0.

b. At time j*tmax, determine if another burst has
occurred. If so, nb nb + 1 until nb a 4.

a. For each blirst k that has occurreds
1. Calculate SR, CF, and T using the ground

zero determined by the cell # of burst k,
mLssila characteristics stored at time j,
and Hfbj for burst k. If burst k has just
occurreo within the time step, missile char-
acteristtos must be re-calculated at tho mid-
point of that burst's first shortened timeS~step.

2, Calculate 40 j using ACTj for burst k,
and add it to the current sum of AQ ,

d. Calculato T2 knowing h and the total AQ1 for timte
step j.

e. If T2 > TV, then T 2 a T V

f. Return to the condition in satep 3. If either test
fails, go to step 4.

4. MaxT - Ti.
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LI
user to input the missile number, launch time, number of

bursts to be considered (, 4), time of the first burst,

number of cells to be considered (:j 10), and the option of

considering rising or stationary fireballs.

3i Also included in Appendix K is a BASIC program that

calculates the maximum skin temperature for the noncumula-

3 tive case. This program follows the algorithm given in

table I for a single burst and does not need to precalcu-

I late or store any values. The program allows the user to

input the same quantities as the program written for the

Oumulative;case.

I3
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Chapter IV. Results and Discussion

The main objective of this thesis was to develop a

method of calculating the maximum skin temperature of a

missile subjected to thermal radiation from more than one

:1 fireball at a time. The results of this cumulative case

were then compared to the results of the noncumulative case,

which considered the effect of thermal radiation from only

one fireball at a time. The comparison showed that missiles

experienced a much greater temperature rise when subjected

to radiation from four fireballs at a time rather than when

the four bursts were treated as independent events. Thus,

the more realistic case of cumulative thermal effects indi-

cates that targets suffer more thermal damage in a multi-

burst scenario than previously expected.

I The results of the cumulative case are first pro-

isented for a 1-cell CEPI i.e., for a perfect hit by an RV

I on its targeted silo. These results show the temperature

rise of the missile skin. Also included are a comparison

of considering a rising fireball at the top of a dust cloud

to a stationary fireball on the ground, and the effect of

decreasing the time step of the calculation to t Max/2.

Next, the cumulative case io compared to the noncumulative

case of a missile subjected to four bursts with a 1-cell

38



I

CEP. This comparison shows the marked difference in the

maximum skin temperature reached in both cases, The

scenarios are then extended to the full 10-cell CEP for

I four bursts to determine which silos are in sure-kill oru sure-safe territory. The 10-cell CEP cumulative thermal

results are also compared to noncumulative blast results

to determine which effect is more lethal. Finally, two

topics related to the cumulative results are discusseds

the effects of dust shielding and a comparison of 1-cell

CEP to 10-cell CEP results.

Temperature Rise for the
*Cumulative Case (=-c*1__CEP)

Figure 8 shows the temperature rise of a missile

subjected to thermal radiation from a series of four bursts.

The temperature plotted, T2 , is the temperature at the end

I of each time step j, as calculated from equation (2.19).

Tabulated data of the curves shown in figure 8 are found

in Appendix J. Fireball rise was not considered when cal-

culating these temperature curves because the case of sta-

tionary tireballs is less complicated. The missile being

considered, #41, was launched at the same time that silo #1

was hit, and each RV landed at its designated ground zero

(a 1-cell CEP).

The cumulative effect of thermal radiation from

more than one fireball is illustrated by plotting the

3 temperature rise for each burst scenario. Thus, the bottom
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curve represents the temperature rise due to one burst,

the next curve represents the rise due to two bursts, and

so on. The first burst occurred at t - 0, and the times

of the three remaining bursts are indicated by arrows.

3 The figure shows that the temperature rise for a series of

n bursts (0 < n < 4) follows the temperature rise for a

series of n-i bursts until the time when the nth burst

occurs. At the end of that time step, the temperature is

higher than the temperature from n-I bursts because of

exposure to the radiation from the additional burst, Thus,

the curve representing the temperature rise due to four

bursts is not smooth as it increases but has slight irregu-

larities that indicate the detonation of another burst.

Also, the four-burst curve decreases rre rapidly from its

maximum than the other three curves because the contribu-

tion of thermal radiation from bursts 1 and 2, measured by

the term AQk, is small or zero at late times. In addition,

convective cooling is more effective because the missile

skin is so hot.

The Effect of Fireball Rise. The curves in figure 8

were calculated for the case of fireballs that remained on

the ground at ground zero. In reality, a fireball rises

along with an expanding dust cloud. For this thesis, the

rising fireball was assumed to be located at the top of the

dust cloud and centered over ground zero. Therefore, the

height of the fireball is equal to the height of the dust

41
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IU
cloud as calculated in equation (2.20). When fireball

rise is considered, the slant range from burst to missile

is calculated from the fireball's height rather than from

ground zero.

Table IV compares the temperature rise of missile

#41 for both stationary and rising fireballs in a four

i burst scenario. The data shows that temperatures calcu-

lated with fireball rise are generally higher. The differ-

I ence in the temperature of interest, the maximum tempera-

I ture (at j - 8), is -5 OK. In terms of probability of

damage, Pd(704.5 OX) - .47 and Pd( 7 0 9 . 6 OK) - 52 (see Appen-

1 dix G for an explanation of how to calculate Pd ( 1)). Thus,

for missile #41, the case of fireball rise resulted in a

I" slightly higher probability of damage. However, the differ-

ence in maximum temperatures would not be readily seen if

the values given in Table IV for rising fireballs were

3 plotted in figure 8.

A comparison of maximum temperatures for other

missiles is given in table V. The data shows that the dif-

ference between maximum temperatures is smaller for missiles

I• launched farther away from the bursts. However, since the

case of fireball rise is more realiatic, the remaining

results presented in this chapter will be those calculatad

when considering that case..1
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TABLE IV

TEMPERATURE RISE CONSIDERING STATIONARY
AND RISING FIREBALLS

Missile #41
Launch times 0 sec

Time of first bursts 0 see
1-cell CEP

Time Step Stationary Fireballs Rising Fireballs
T2 (OK) T2 (OK)

1 325.4 325.4
2 277.5 377.5
3 447.1 446.8
4 505.7 505.6
5 574.5 575.0
6 638.7 640.4
7 693.6 697.1

704.5 709.6
9 695.7 701.9

10 677.8 685.2
11 652.3 660.3
12 622.0 630.2
13 589.7 597.6

TABLE V

M ýIMUM TEMPERATURES CONSIDERING STATIONARY
AND RISING FIREBALLS

Missile launch time: 0 secTime Of first bursts 0 sec
1-cell CEP

Stationary Fireballs Rising Fireballs
Missile # MaxT (OK) MaxT (OK)

21 2561.6 2615.1
31 1161.3 1175.2
41 704.5 709.6
51 511.5 513.7
61 416.9 418.0
71 366.0 366.6

81 336.9 337.2
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The Effect of Halving the Time Step. As mentioned

in Chapter I1, the finite time step used to solve the dif-

ferential equation for T2 was chosen to be tmax, the time

'I of the second thermal maximum. However, it is possible

3 that a smaller time step could give more accurate results.

To test this possibility, the time stop was decreased to

tmax/ 2 . Figure 9 shows that the temperature rise calcu-

lated using the reduced time step does not differ much fromI the temperature rise calculated using tmax as the time step

* (see Appendix J for tabulated data of figurr. 9). More

importantly, the maximum temperature reached in both cases

is nearly the same (-709 OK). Therefore, in order to mini-

mize the number of necessary calculations, the finite time

step remained as tmax*

Comparing the Cumulative to the
Noncumulative Case

3 In the cumulative case, a series of four bursts is

treated as one event, and bne curve is plotted to illis-.

trate the temperature rise of the missile skin. In the

noncumulative case, a series of four bursts is treated as

I four independent events and therefore four curves are needed

to illustrate the temperature rise due to each of the bursts.

The difference between considering four bursts as

one event as opposed to four separate events is shown for

missile #41 in figure 10 (see Appendix J for tabulated data).

i The uppermost curve represents the cumulative temperature

* 44
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'I

rise due to four bursts, while the four bottom curves repre-

sent the temperature rise due to each burst separately. In

both cases, the bursts are considered to have a 1-cell CEP.

I For the noncumulative case, the highest temperature

reached is caused by burst #I, since the missile at the

beginning of its flight is closest to this burst. However,

this maximum temperature of -407 OK is much lower than the

maximum temperature of ~710 OK reached in the cumulative

case. Furthermore, the probability of damage for missile

#41 in the noncumulative case Is 0, while for the cumulative

case the probability of damage is -.52. Assuming that the

I cumulative case is correct, calculating the temperature

rise by considering each burst to be an independent event

severely overestimates the missile's chance of survival.

The next section further emphasizes this difference by pre-

I senting the results using a 10-cell CEP for each burst.

Results Using a 10-cell CEP

As explained in Chapter II, a 10-cell CEP accounts

for any possible landing position that an RV can have. Thus,

the probability of survival calculated using a 10-cell CEP

is a more realistic number than that calculated using a

1-cell CEP unless the value of CEP is very small. Tables VI

and VIII present the probabilities of survival for certain

missiles in both the cumulative and noncumulative cases.

For completeness, values are given for both rising and sta-

tionary fireballs.

I 47
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TABLE VI

PROBABILITY OF SURVIVAL--
NONCUMULATIVE CASE

Missile launch times 0 sea

Time of first burst: 0 sec
10-cell CEP

Stationary Fireballs Rising Fireballs

missile # P

25 0 0
S26 .575 .545

27 .588 .555
28 .701 .674
29 1 1

TABLE VII

.1PROBABILITY OF SURVIVAL--
CUMULATIVE CASE

Missile launch times 0 mec
Time of first bursts 0 seac

10-cell CEP

Stationary Fireballs Rising Fireballs
Missile * P# P5

38 0 0
39 .0616 .0481
40 .0645 .0505
41 .523 .480
42 .507 .464
43 .538 .496
44 .925 .910
45 .927 .913
46 1 1
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For this thesis, the sure-safe limit is defined by

a probability of damage of .02, and the sure-kill limit by

a probability of damage of .98. Any values lower than .02

I are rounded to 0, and any values higher than .98 are rounded

3 to 1. Thus, the values of 0 and 1 that appear in tables VZ

and VII are a result of probabilities of damage that were

3 1 and 0, respectively. Also, any missile not listed on the

two tables has a probability of survival equal to 0 or 1,

depending on the missile's silo position.

Another way of presenting the valuos given in

I tables VI and VII is by using figure 1 to illustrate the

5 location of the sure-safe and sure-kill regions. This is

done in figure 11, with no distinction made for stationary

or rising fireballs since the value of Pa will not change

the location of the regions. The most obvious characteris-

tic of figure 11 is that the sure-kill region for the cumula-

tive case extends over 2500 m further downfield than the

noncumulative case, thus killing thirteen more missiles.

Also, the region botween the sure-kill and sure-safe limits

is larger for the cumulative case, indicating that the

probability of survival based on distance is not a, steep

of a function, as shown in figure 12. The curves drawn in

figurc 12 indicate the general shape of P. vs ground range

but are not actual functions.

The results of the 10-cell CEP calculations rein-

force those of the 1-cell CEP calculations. Both show that

I 49
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treating bursts as independent events does not adequately

predict the temperature rise of a missile skin exposed to

thermal radiation from a series of bursts.' Failing to con-

sider the cumulative effect will underestimate the thermal

threat, which could be an expensive oversight in terms of

nuclear defense.

Coar•a Cumuaive Thermal

-ffectstolast _ A ts

In general, blast (overpressure) effects are con-

sidered to be more lethal than, thermal effects, and in many

cases thermal radiation is nut viewed as a major threat.

Prior to this thesis research, a total survivability analy-

ais of the Dense Pack missile system was performed during

NE 6.95, Nuclear Survivability of Systems. The analysis

included the same RV walk attack as this thesis, but

required a random launch order for the missile field and

considersd all bursts as independent events. The blast

code written for NE 6.95 included a "tail-chase" of the

blast wave to the moving target and used sure-safe and sure-

kill overpressures of 1.8 and 4.5 psi, respectively. in

order to compare cumulative thermal effects with (noncumuli-

tive) blast affects, this blast tode was modified so that

each missile was launched as the first burst occurred. The

code was then run to determine the sure-safe and sure-kill

regions ior blast effects, and the results are given in

table VIII.
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TABLE VIII

RESULTS OF NONCUMULATIVE BLAST EFFECTS

Missile launch time: 0 sec
Time of first burst: 0 seac

10-cell CEP

Missile # Probability of Survival

23 0
24 .0717
25 .0956
26 .590
27 .626
28 .750
29 1

Comparing these results to table VI shows that

noncumulative thermal and blast effects have nearly the

same sure-safe and sure-regions. However, noncumulative

blast effects are overwhelmed by the cumulative thermal

threat. Although this may not be the case if cumulative

blast effects are considered, the results do indicate that

3 in a scenario such as Dense Pack, thermal radiation is more

.lethal than previously expected if a series of bursts is

treated as one event.

Observations on the Cumulative Case

The final section of this chapter presents two

-topics that were not discussed in the objectives of the

thesis but could be of interest. The first topic, dust

shielding, is of interest because the dust entrained in the

air could greatly reduce the amount of thermal radiation
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that is transmitted to the missile. The second topic com-

pares the difference between using a 1-cell CEP on a 10-cell

CEP.

The Effects of Dust Shielding. A contact surface

burst produces a large amount of dust and debris that is

carried upward with the rising fireball. This cloud will

impede the transmission of thermal radiation to a target

by causing additional scattering and absorption of the radi-

ation. The dust cloud created by one fireball may also

decrease or even block the thermal radiation emitted by

.anothar fireball.

The complex behavior of dust clouds was not

included in this study, and therefore the given results

would tend to overestimate the temperature rise of the

miwsile skin. However, an attempt was made to determine if

dust shielding could be included in the analysis by con-

sidering the position of the missile and the fireball.

The situation is shown in figure 13.

As figure 13 indicates, the dust cloud is mode_.,'i

as a cylindrical shape (McGahan, 1)71:39-41). Depending on

the missile's position, the missile skin will be subjected

to either r.di.tion transmitted through the atmosphere or

radiation first transmitted through a thickness of dust

cloud. For this simplified analysis, the trausmission

through the dust cloud was considered to depend on the

angle @. If the situat4 .oal waa such that the missile was
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Hfb a height of fireball

:SR - slant range

GR - ground range $in SR
*f missile altitude

At a s l . Fireball Point Source

4 'GR

Hfb missile

I I Alt

DGZ
I I i |i ii i iI . .I I I

Fig. 13. Dust Shielding

above the top of the dust cloud or * was less than 200,

then the transmittance T would be the value calculated for

the atmosphere (see Appendix C). However, if 0 were greater

than 200, then T would be set equal to 0. This limitation

only applied to transmission through the cloud from the

burst in question, not to transmission through a cloud

created by another burst.

Results of the analysis for a 1-cell CEP are given

in Appendix L. They show that the dust clouds have no

effect on transmittance for any of the missiles listed in

table VII. In fact, the transmittance is only affected
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for missiles whose silos are within -2750 m of the bursts

(i.e., silo #15 and below), but the decrease in temperature

rise is not enough to raise the missiles' probability of

iI survival.

Comparing 1-cell CEP and 10-cell CEP Results. As

explained in Chapter I1, a four burst, 10-cell CEP, cumula-

3l tive case scenario requires 104 calculations of maximum

skin temperature to determine the probability of survival

IJ of a single missile. Depending on the computer system used,

these calculations can take large amounts of computer time

and therefore several hours may be needed to obtain results

I• for all of the missiles of interest. In contrast, a four

burst 1-cell CEP scenario requires only one maximum tempera-

ture to calculate the probability of survival for a single

missile, as previously shown in figure 8. Thus, it would

be interesting to compare 1-cell CEP results to 10-cell CEP

results to determine if a 1-cell CEP can adequately predict

a missile's probability of survival. These results are pre-

sented in table IX for both stationary and rising fireballs.

The table shows that a 1-cell CEP underestimates

the 10-cell CEP Pa for missiles #39 and #40 and overesti-

mater P5 for the remaining missiles. However, the differ-

ence between the two values of P is less than 10% for

missiles #39 and #40 and less than 1% for the others. In

addition, the 1-cell CEP results do not change the cumula-

tive sure-kill and sure-safe regions shown in firjure 11.
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TABLE IX

PROBABILITY OF SURVIVAL, CUMULATIVE CASE--
I-CELL CEP VS 10-CELL CEP

Missile launch time: 0 sac
Time of first burst: 0 sec

Stationari Fireballs Rising Fireballs

Missile 1-col= -c=l6 1-cell 10-cell
# CEP CEP CEP CEP

38 0 0 0 0
39 .0563 .0616 .0433 .0481
40 .0592 .0645 .0456 .0505
41 .527 .523 .483 .480
42 .510 .507 .466 .464
43 .543 .538 .499 .496
44 .930 .925 .916 .910
45 .933 .927 .919 .913
46 1 1 1 1

Thus, in tho interest of reducing computer time, a 1-call

CEP scenario can be used to calculate the probability of

survival. The resulting decrease in computer time allows

the calculations to be easily performed on a personal com-

puter.

The above conclusion leads to the consideration of

calculating the probability of survival for more than four

bursts using a 1-cell CEP. According to Chapter III and

Appendix H, the maximum number of bursts that will affect

the temperature rise of a missile skin was determined to be

eight. Table X presents the probability of survival of eight

* bursts for both stationary and rising firaballs.
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TABLE X

PROBABILITY OF SURVIVAL, CUMULATIVE CASE--
EIGHT BURSTS, 1-CELL CEP

Missile launch timet 0 seac
Time of first burst: 0 seac

Stationary Fireballs Rising Fireballs
Missile # P5  Pa

43 0 0
S44 .0503 .0243

45 .0516 .025146 .452 .341
47 .437 .327

S48 .460 , .349
49 .884 .82"750 .886 .830

S51 1 1

The results are also shown in figure 14, which com-

pares the sure-kill and sure-safe regions for four and eight

bursts. The sure-kill region for eight bursts is extended

-1000 meters down-range, killing an additional five missiles.

I Thus, the consideration of eight bursts further illustrates

the fact that cumulative thermal effects are much more

lethal than noncumulative thermal and blast effects.

I
I
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Fig. 14. Sure-safe and Sure-kill Regions,

4 and 8 Bursts (1-cell CEP)
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Chapter V. Conclusions and Recommendations

"Conclusions

Based on the results given in Chapter IV, the

following conclusions are drawn:

1. The calculated value of the maximum skin tempera-

ture for a missile exposed to a series of bursts depends on

the way in which the bursts are treated. Considering a

series of bursts as one event (cumulative) gives a higher

temperature than considering each burst as an independent

event (noncumulative). A higher temperature yields a lower

probability of survival for the missile.

2. Maximum temperatures calculated when consider-

ing fireball rise are higher than those calculated for sta-

tionary fireballs. However, the difference between the two

cases is not large enough to distinguish between sure-safe

and sure-kill regions for either case. Therefore, fireball

rise as treated in this thesis does not have a significant

effect on the results.

3. The difference in maximum temperatures between

the cumulative and noncumulative cases extends the sure-kill

region of the cumulative case further downfield, making the

cumulative case more lethal. Specifically, for a four

burst scenario with each missile launched as the first
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burst detonates, the cumulative case kills thirteen more

missiles than the noncumulative case.

4. Cumulative thermal effects are also shown to be

I more lethal than blast effects, which contradicts the cur-

3 rent opinion that blast is the primary kill mechanism.

Based on this conclusion and conclusion #3, the failure to

B consider the cumulative case will underestimate the thermal

threat and could be an expensive overnight in terms of

I nuclear defense.

5. The results given arc considered to be conserva-

tive because the analysis did not account for any thermal

radiation shielding by dust. However# dust shielding cannot

be adequately modeled using simple geometry between the

missile and the dust cloud.

r e 6. In order to reduce computer time, a 1-cell CEP

rather than a 10-cell CEP can be used to calculate the proba-

bility of survival. If this is done, the maximum number of

bursts considered can be raised to eight. This results in

3 five more missiles being killed and further emphasizes the

importance of considering the cumulative case.

Recommendations

Based on the assumptions presented in Chapter I and

the observatiors made during thWs study, the following recom-

mendations are made for further study:
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1. Several assumptions made during the study

ignored the effect of dust shielding on the amount of radia-

tion transmitted to the target. The expression derived

for T was based on data given for a clear atmosphere and

therefore overestimated the transmittance. The curve CT

(figure 4) used to determine the fraction of thermal radia-

tion emitted at the time t was derived for an air burst,

and would be lower for a surface burst. Finally, the

assumption that the fireball is located at the top of the

dust cloud and the simplified geometric analysis of dust

shielding did not consider any of the detailed physics

involved in dust cloud formation. Since the amount of dust

lifted into the air by a series of 2 MT bursts could be

quite large, the effect of the dust on the transmittance of

thermal radiation should be investigated.

2. The fireball was assumed to be an isotropic

point source. This is a good assumption for distances that

are much greater than the fireball diameter. In this study,

the length of the missile field was 20,300 m. However, the

maximum fireball diameter for a 2 MT contact surface burst

is expected to be 3700 m (Glasstone and Dolan, 1977071).

Thus, %he distances between burst and target are less than

five times the fireball diameter. It should be determined

if the distances are great enough to justify the assumption

of a point source. If not, the effects of a finite source
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on the results presented in Chapter TV should also be

investigated.

3. This study did not consider the synergistic

effects of heat and blast. It is possible that the increase

in temperature would sufficiently weaken the missile's skin.

so that a lower overpressure would cause the same amount of

damage that a higher overpressure caused when considered

alone. Synergistic effects should be studied to determine

if thermal radiation poses an additional threat by making a

system more vulnerable to blast effects.

4. The program written for thir study is limited

because it was written for a specific missile system and a

four burst scenario. A more general program would be easier

to adapt to other situations and/or materials.

I
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Appendix A. An Expresuion for t Thermal

Diffusion Time

In Chapter XI, the expression for the time required

for heat to be conducted through a slab of thickness d with

thermal diffusivity K was given as:

tdiff n d2 /K (A.1)

This expression can be derived from the one-dimensional

"heat transfer equation (Holman, 1972:102)

82Tlx,t) 1• xt
T *pt 1 aT(x,,t) (A.2)

using the method of dimensional analysis.

As the name implies, dimensional analysis involves

the algebraic manipulation of the dimensions of physical

quantities to provide information about the physical pro-

cesses involved. The basis of dimensional analysis is the

simple principle of dimensional homogeneity, which states

that an equation is complete only if the dimensions of each

term are the same, or homogeneous (Parkhurst, 1964:16).

Equation (A.2) can be shown to be complete by noting that

infinitesinals possess the dimensions of the physical ele-

ments they represent (Parkhurst, 1964:21). Therefore, each
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expression on either side of equation (A.2) ha. the dimen-

sions of e/L 2 , where e indicates a temperature unit and L

indicates a unit length.

An important application of the principle of

homogeneity is the derivation of an unknown quan'"ity based

on that quantity's functional dependence on tho physical

parameters involved in the problem (Parkhurst, 1.964:16).

This derivation is commonly called the indicial method, and

in illustrated here by deriving an expreusion for tdiff

from the following terms appearing in equation (A.2)s

fundamental

term dscr..ti. units

8T - >AT temperature differential 0

ax a >Ax distanon differential L

K tharmal dJ ffusivity L2 /t

at - >At->tdiff diffusion time t

The first step in the indicial method is to write

the unknown quantity as a product of terms to unspecified

powers or indices:

[ttdiff] - •Ta Axb Kc] (A.3)

The dimensions of each term are then substituted into the

above equation to obtain:

(t] - ((b (L 2/t) c
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or [I * (()a (L)b+20 (t)C] (A.4)

. , the indices of each fundamental unit on the left- and right-

hand side are then equated to obtain j simultaiieouo equa-
' 4oat one kor each unit:

0 a
0 -b + 2c

I n general, :fo n indices, if ,k of the J equations are

indopendert,, then any k of the.',.Indioes.can be solved fo'r

in.'tirms of n-k othlr, iiidices, FP.r3 this e, .allof '--

.ndices, 'can k- solved. for,to obtain .

a-" 0

b2IC
Therefor*, the expression far tdiff can be found by sub-

stitutlng the above values for a, b and a into equation

(A.3) to obtain.

tUdiff - Lx
i ~0ýo, Sinao Ax N d: '

td d2 /K (A.5)
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Appendix 9. Missile Characi:eri.stic

The missile's velocity '., altitude z,,'down-range-

distance (fiom the first• row of missiles) drd, and flight

path angle e must be' known at a given time t in order to

calculate the slant tange UR, correction factor CF, trans-

mittance To ambient. air prop6rties, and the heat transfer

coefficient h. The missile characteristics are shown as a

fuuivlon of time in figure 3. In this figure, the down-

range-distance curve refors only to the gtound distance from

the missilo silo, not from the first row of missiles.

In order to use the information on the graph in a

computer program, each curve was reduced to a data file of

values read from the curve aa every second. Values were

taken from t w 0 to t a 50 seconds for the velocity, alti-

tude, and down-range-distanca data files, and from t a 0

to t - 70 sec for the flight path angle data file. The

contents of these files are presented in table B-I. At

the beyinning of the computer prograu, the data files are

read into the arrays VDATA(51), ZDATA(S1) , XDATA(51), and

3• ANGDAT(71).

The iUnssile's v.ocity, altitude, and down-range-

distance at any time t can now be determined in one of two

way s:
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1. If t is < 50 seconds, then v, z, or drd can be

obtained by linear interpolation, where:

t 1<t<t 2; t1 and t2 are whole numbers and

t 2 -tI - 1

yi<y<y 22 y'v, z, or drd

and y - (t-tI) (y 2-yl) + yl (B.1)

2. If t > 50 seconds, then

v - 105t - 1,350 (B.2)

z - 2,460t - 65,000 (B.3)

drd - 3,700t - 127,000 (B.4)

Since the curves in the figure are in terms of feet, all

parameter values must be converted to meters. Also, the

values of drd must be modified to reflect the missile's

distance from x - 0, or the first row of missiles. This

is accomplished by adding the missile silo's x-coordinate

to drd:

drd a drd*.0348 + Sx (Mn) (B.5)

where Sx(Mn) - Silo x-coordinate of missile Mn.

The missile's flight-path-angle 0 is found in a

similar manner:

1. If t < 70 seconds, then

0 " (t-t l ) (62-1) + 01 (B.6)
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2. If t > 70 seconds, then:

e 30.6 - .l(t-70) (B.7)

Il Equation (B.7) is a linear extension of the curve in

figure 3 past t - 70 seconds. The value of e is then con-

verted to radians.

I 7
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Appendix C. Calculating the Slant Range, Correction

3" Factor, a•d Transmittance

The calculation of SR, CF, and T are presented in

one appendix because the latter two terms depend on the

value obtained for the slant range. However, the procedures

used to calculate each term are different and will be pre-

sented in separate sections within this appendix.

Calculating the Slant Ra_.e

The slant rangu is generally defined as the dis-

tance from the burst to the target. In this report, the

slant range is the distance from the fireball point source

to the location of the missile as defined in figure 3.

If fireball rise is being considered, the expression for

SR must take the changing position of the point source into

account. The slant range for any burst-missile combination

is shown in figure C-i. The missile has no velocity in the

y direction and thus travels straight north along the

fl x-axis. According to figure C-I:
SR - (GR2 + (alt - Hfb)2 0.5 (C.1)

Hfb is calculated using the VORDUM equation for the top of

the dust cloud (McGahan et al., 1971:40):

Hfb - 21,640.8w'177 [(-(l-t/t*) 2 (C.2)
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00,,0 Z...- ---- 400- range

Fig. C-1. Slant Range from Burst to Target

where w - yield in megatons, and t* - 2-40s (Bridgman, 1984),

the time of cloud stabilization.

For an RV that lands at its designated ground zero

(the targeted silo), the expression for the ground zero

range is:

GR - ((Mn - DGZ )2 + (drd - DGZx)2 (C.3)

However, if the RV has an aiming error associated with its
landing position, then the expression for GR must account
for the displacement from designated ground zero. This dis-
placement is quantified using the 10-cell CEP described in
Appendix J. The situation for calculating GR for a cell

is shown in figure C-2.
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Fig. C-2. Ground Range from C611 ±

From figure C-2, a more general expression for ground range

is given by:'

Gy - (nY".Yb) + Odrd - xb) 2 I (C.4)

where xb m DGZ~ x + p Cos a and y.baDGZ y+ pi sina

For the middle cell (a direct hit), equation (C.4) reduces

to equation (C.3).
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Calculating the Correction Factor

In Chapter I1, the correction factor CF was defined

an sin i where * is the angle between the missile skin

I• surface and the slant range vector. The correction factor

is needed to calculate the amount of thermal radiation that

is incident perpendicular to the missile skin's surface.

CF can be calculated by recognizing that cos i is defined

by the dot product of the slant range and velocity vectors

as ahown in figure C-3:

SR

1 - urfskin6 flight pathADsrace angle

Fig. C-3. How to Calculate CF

By defiAntion of the dot product:

SR v + SR v
coo x • S (C.5)
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where Vx' 0 V COB

v - v sin8

SRx 4 GRx mdrd - xb

SRz a alt -fb

The product of y components does not appear in equation

(C.S) because Vy y 0, It should also be noted that nega-

tive values of SR z are poss4ble if alt < Hfb. Although a

negative value does not mean much physically, it is neces-

sary to obtain the correct answer geometrically. Once

coseV is known, CF can be determined from:

CF sinF (i - coo2s ).5 (C.6)

Calculatin2 the Transmittance

The transmittance T is defined as the fraction of

direct and scattered radiation that is transmitted to the

target (Glasshone and Dolan, 1977:316). Because T '4s a

complex function of atmospheric conditions and distance, a

detailed analysis of the correct values of T for the condi-

tion. of the Dense Pack scenario was not conducted.

Instead, T is assumed to behave as shown in figure C-4

(Glasstone and Dolan, 1977:318). The limitations of this

figure are as follows:

1. The target is such that scattered radiation is

received from all directions.
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* 2. The target is on the ground.

3. Visibility is 12 miles (2]. ks).

Figure C-4 is used to express T as a function of distance

for a surface burst by reading where the constant lines of

T intersect the bottom of the graph (zero altitude).

"Table C-I summarizes the values of T taken from figure C-4.

TABLE C-I

VALUES OF T AT HEIGHT OF BURST - 0
(Glasstone and Dolan, 1977:318)

T Distance D (kft) Distance D (m)

0.01 168 51,206
0.1 85 25,908
0.2 58 17,678
0.3 50 15,240
0.4 38 11,582
0.5 31 9,449
0.6 20 6,096
0.7 15 4,572
0.8 9 2,743
0.9 5 1,524

Note: All distances have an uncer,,ainty of -2 kft.

When plotted as T versus distance, the points in

table C-I appear to follow an exponential curve that could

be fit by an equation of the form:

T - exp(f(D)) (C.7)

where f(D) represents a function of distance D. By writing

equation (C.7) as ln(T) - f(D),' and using a linear regression
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program (Heilborn, 1981t16), the following expression was

obtained:

f(D) - -. 02455- 6.439XI0"D - 1.407Xl0" 9 D2 + 1.792XI0" 14 D3

(C.8)

The points in table C-I and the curve produced by substi-

tuting equation (C.8) into equation (C,7) are shown in

figure'C-5. The coefficients in equation (C.8) were

rounded to four significant digits, and the standard error

estimate of f(D) (the standard deviation of in(T) about the

fitted curve) is 0.05968. This error was considered to be

well within the error inherent in reading from figure C-4.

Although the expression for T was derived from

data for a surface burst and ground target, the distance D

in equation (C.8) is taken to be the slant range. This was

done because slant range represents the distance in the

atmosphere that the thermal radiation must travel to reach

the missile. The expression for T also does not consider

the changing atmospheric conditiona as the fireball rises

or the effects of dust shielding the fireball. However,

since T is inherently uncertain because of its complex

dependence on many variables, the expression derived for

use in this analysis is considered to be adequate enough to

show the change in transmittance as the missile moves away

from the burst.
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Appendix D. Ambient Air Properties

As mentioned in Chapter II, values for the ambient

air temperature Ta, density pa' dynamic viscosity Ua a' and

conductivity k a at the missile's altitude are needed to

calculate the heat transfer coefficient and skin temperature.

These values are obtained using equations given in the

reference from the National Oceanic and Atmospheric Admin-

istration (NOAA, 1976:6-20).

The general equations for air temperature and

pressure are:

IF Lk 0: T(z) - 10k + Lk(z - zk)

Tk (.0 3 4 16 4 /Lk)
P(Z) - k [-T(Z- (D. 1)

IF Lk 0: .12(z) = Tk
-. )034164(z-zk)

P(z) - PkexP Tk

where z is the missile's altitude in meters, T(z) is the
2temperature in OK, and P(z) is the pressure in N/mi. The

values of Lk, Tk' and Pk depend on the region of the

atmosphere and are given in table D-1.

8
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TABLE D-I

VALUES USED TO CALCULATE AMBIENT AIR
TEMPERATURE AND PRESSURE

Region zk (m) Lk Tk (OK) Pk (N/m 2

S0 z < 11,000 0 -0.006545 288.1S 1.013X10 5

11,000 < z < 20,000 11,000 0.0 216.65 2.269X10 4

20,000 < z < 32,000 20,000 0.0010 216.65 5.528X103

32,000 < z < 47,000 32,000 0.0028 228.65 8.888X10 2

Once T(z) and P(z) are known, the remaining terms

are calculated as follows:

- .003484 kg/m3  (D.3)

1 '.458X10-6 (T(z)] 1.5 kg/m-s (D.4)S"I ... T(z)+110.4

ka - 'IZ)+)S;4 l*TY zl J/m-s-DK (D.5)T (z) +2 45. 4 [i0(-2T )]
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I Appendix E. Local Leat Transfer Coefficient

The local convective heat transfer coefficient, h,

was introduced in equation (2.14), which describes the rate

of energy loss due to convection (Holman, 1976:12):

Fconvection " hiT(t) -Tair (t)] (E. )

where h has units of J/m 2 _s-OK

The expressions for h u.isd in this report were

those derived for viscous flow over a flat plate. The

derivation involved a detailed mathematical analysis of

the thermal boundary layer, the region where temperature

gradients are present in the flow along the plate (Holman,

W 1976:154-171). The results depend on the type of flow,

which is described by the Reynolds number. For viscous

flow, the Reynolds number is (Holman, 1976:149)

Re - VXA (E.2)

where v - fluid free-stream velocity (m/s)

p - fluid density (kg/m3)

i - fluid dynamic viscosity (kg/m-s)

x - distance from leading edge of plate (m)

I For air, p -p a and p- p a (see Appendix D). For

j this report, the velocity was taken to be the speed of the
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missile, and the value for x - xm was chosen to be 5.5 m,

as explained at the end of this appendix. For flat plates,

the transition between laminar and turbulent flow is con-

sidered to occur at Re - 5X105 (Holman, 1976:149).

5• Another term used to calculate the heat transfer

coefficient is the Prandtl number, which expresses the rela-

tive magnitudes of momentum and heat diffusion in the

fluid. The expression for the Prandtl number is (Holman,

1976:164)

Pr - f-- (E.3)

where cp - specific heat capacity of the fluid (J/kg-K)

K - thermal conductivity of the fluid (J/s-m-K)

For air, cp - 1005 J/kg-K (Holman, 1976:503), V - and

k - ka (see Appendix D).

.From the analysis of the thermal boundary layer,

the following expression is derived (Holman, 1976:170):

Nu (E. 4)

so that

h =kNu (E.5)X

where Nu is the Nusselt number. For a plate heated over

its entire length, the equations for Nu are

I
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if Re < 5X10 1;: Nu - .322Pr 1 /3Re 1 /2

(Holman, 1976:171.) .(E. 6)

if Re > 5X10 5 : N4u - .0296Pr 1 /3Re 4 /5

(Holrnan, 1976:180) .)

Thus, h can be calculated from equation (E.5) if

the missile velocity and several air properties are known.

As an example, at t a 5 seconds into the missile's flight,

the missile velocity v a 140 ft/sec n 42.8 rn/s and

z = 600 ft - 182.9 mi. The following values of ambient air

properties at z = 182.9 mn can be calculated from the equa-

* tions in Appendix Di

Pa - 1.203 kg/rn3

11a- l.784X10- kg/rn-s

k a - .02523 J/m-s0 K)

IUsing these values in equations (E.2) and (E.3) results in

Re a(42.8) (5.5) (1.203)_ = 1@59X107

(1. 784X10-5).

a n dP r - ( 1 0 ) 1 7 4 l -5 .7 1 1

Since Re > 5X105,t the flow is turbulent and the Nusselt

number is given by equation (E.7)t
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Nu - .0296(.711) 1/3 (1.59X1O 7) 4/5

- 1.52X10 4

Substituting this value of Nu into equation (E.21 produces

a value for the heat transfer coefficient h:

h -(.02523)(1.52Xo_ 2
h 3 69.7 J/m -s- 0 KU ~5.5-

Choosing a Value for Em

Figure E-. shows the variation of h with Reynolds

3l number for several values of Xmp where xm is the distance

from the leading edge of the missile. The data shows that

the choice of xm - 5.5 m represents an average between a

maximum amount of heat transfer occurring for xm - 1.0 m

and a minimum amount of heat transfer occurring at Xm

.20 m.

1 87

LM



I0

*F 4.4
0

OsOf0

00 ON

0- '404

0s0

0 -e*

I 0.

4)
44

or ..

88

I-k Al.~iLL



I
Ii

Appendix F. Calculating the Fraction of Thermal

Energy Emitted, ACTj

The term CT refers to the curve shown in figure 4

in Chapter II. This curve represents the fraction of

thes"mal energy emitted up to any time to - t/tmax, where t

is the time after detonation, tmax - 0.417Y0 . 4 4 (Glasstone

and Dolan, 1977%310), and Y is the yield in kilotons. At

any time step j in -ýhe computer calculation of the missile

skin temperature, the total thermal fluence that is incident

on the su.rface during that time step is

AQj a j .1 incident ('.I)

where Firoident is given by equation (2.13). The curve

in figure 4 must be digitized in order to calculate ACT

during the run of the computer program. Sections of the

curve weri fit with second-degree equations or less using

points from the curve and a linear roegession program

(Heilborn, 1981:16). Table F-I presents the points,

equations, and correlation coefficients for the equations.

Values of CT for to< 1.5 were read directly from figure 4,

while the points for t" > 1.5 were obtained with the help

of a digitizer (owned by the Plasma Physics Group, Aero

Propulsion Laboratory, Bldg 450, Wright-Patterson AFB, Ohio).

89



CI

80 
0%

4J~4 44 %
(d. 00%.
& 4J 444
0O 44 0

41 44
P0 P-04 4.)

m U) *r4 44 ~

o0 ~44 " -LMC
q 4N4 N L.)n0 10

H 4.4 .04 44
ow 1 + I + 1 0 P-1

os NH ND 41 ..

H 04

00

r-4 LMN ol0Go% H H N C~4U 0 P4 4

tN 414.

0 4.11 Pq.

U)- U
> moo 0000 0000 UlH

ONOS t- PON rON 44J

-M (A
040

0. v- INJ4 4 )

vv

90



h 00

0*

*6'4j

Uc) CA m

0~ ev, w0

If 0~tu~ II M

0 Ni 4 w f4 Nf-40 0 vN 1, 0 0
Mt)U)Ilr~-4iar'hLfmmNCO C ju
in N r- - r% 00 10 4j

0j0
4j

'44

V 0

0 4j

91



TABLE F-2

DATA FROM DIGITIZER

1.286297 0.295778
1.528967 0.367067
1.771637 0.426614
2.014308 0.470785
2.292048 0.507967I2.534717 0.532569
2.815257 0.560525
3.057937 0.579815
3.300607 0.598266
3.543277 0.615599
3.785947 0.632653
4.066487 0.649986
4.309158 0.659770
4.620568 0.678222
4.863238 0.687727
5.105907 0.698071
5.441158 0.709253
3.822697 0.721274
6.184597 0.733296I6.427267 .,0.736650
6.669937 0.744758
6.91.2607 0.750908
7.155278 0.756779
7.397948 0.762091
7.640628 0.769080
7.883297 0.770478
8.125967 0.776628
8.368637 0.*780262
8.611307 0.783897
8.853978 0.789488
9.096648 0.791445

tA t- * -.0168327

++C CT*+ 1738t ' and CT normalized to 0,0.
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Given the equations in table F-I, the value of CT

at any t' can be calculated to obtain ACT J As an example,

for the second time step (J-2), the values of t" at the

I beginning and end of that time step for burst #1 are 1 and

I 2 respectively (see figure 7 in Chapter III). Using these

values of t', ACT 2 is then:

ACT 2 - CT(t-2) - CT(t'-l)

- 0.4680 - 0.20

- 0.268

9
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Appendix G. The Probability of Damage

Function and CEP

The Probability Function

This appendix contains methods for calculating the

probability of damage and quantifying the aiming error.

The information was taken exclusively from class notes given

by Dr. C. Bridgman (Bridgman, 1984).

For this report, probabilities of damage are calcu-

lated using intensity I as the independent variable and the

cumulative log normal function as the distribution function.

Each intensity has an associated probability of damage

according to-

- J exp-- (-a-) J dI (G.1)

where a' and 0' are parameters that depend on the sure-

safe and sure-kill intensities of the material. This

integral can be solved analytically using the following sub-

stitution:

S.- ln I-a' (G.2)

Substituting equat-.ion (G.2) into the integral of equa-

tion (G.1) produces

94



I

I Pd(u) u e-U2e/2 du (G. 3)

U whose integrand in recognized as. the normal distribution

function about u m 0. A graph of the above integrql is

shown in figure G-1.

1• 1.00

.25

.00

-4.0 -2.0 0 2.0 4.0 6.0

Fig. G-1. Cumulative Normal Distribution Function

pEquation (G.3) can be solved in any number of ways.

A good method for computer implementation is to use the

following equations (Abramowitz and Stegun, 1965t932):

u"- lui
1

uli 1 - [2 (i(+.196854u'+. 11594 (u') 2+.000344(u') 3+.019527(u') 4]

(G.4)
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1 If U > 0, Pd(I) - P(u")

If u < 0, Pd(1) - 1 - P(u")

Thus, once an intensity I is found and a and a' are known,

SPd(I) can be calculated using equations (G.2) and (G.4)

or equation (C0.2) and the curve in figure G-1.

As mentioned before, the parameters mo and 0' are

calculated from sure-safe and sure-kill intensities I and

Isk, For this analysis, all probabilities of damage below

0.02 are considered to be sure-safe (Pal w-), and all

probabilities above 0.98 are considered to be sure-kill

S(Pd(1)=1.0). Thus, ct and 0' must be defined so that if

P d(Isk - 0.98 and P d(Iss) - 0.02 then the following are

true:

.9 - Isk 11 ln I- a* 2
S.98 = exp[-"Y( (-- 41) dI (G.5)

.02 1 1 ln I - dI (G.6)

The solution to the above equations yields

1n1Ig -C,
i 0 - -2.054 (G.7)

- 2.054 (G.8)
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which can in turn be solved to give

01 -I½n ("ss*Isk) (G.9)

- in(G.0)

1.0 ass

The expressions for a' and 0' given by equations (G.9)

and (G.10) are used to calculate u in equation (G.2)

Aiming Error or CEP

The development of the function describing the

aiming error of an RV around designated ground zero (DGZ)

assumes the following:

1. Errors are in the x and y directions only. The

I height of burst (z-O) is accurate.

2. The errors in x and y are entirely random.

3. ax maa

1 If f(x) - f(y) are functions describing the errors in x an4

y respectively, then

11
f(x)-exp (G.11)

f(y) - exp -(G.12)/1-7r y 2ay

These two distribution functions are shown in figure G-2

au two gaussians centered at the aim point (DGZ) and
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I
extending to define a circular area A. The probability of

hitting area A is

f (x~y) - f W f (Y) - 1a 2 1 (L.2LV)H (G.13)

which is a circular area density or planar normal function.

I

• t %I S

Fig. G-2. Planar Normal, runction

Equation (G.13) can be written for a differential area dA

* an
f W dA e-2. - (E) 1No fa ru i (G.14)|2 -

where r *x 2 + y2 , the radius of the circle defined by

f(x,y). The probability of falling anywhere inside of

radius r is then

iFr) flr)dA f exp(-1(1) 2wrdr (G.15)
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F(r) is a cumulative circular normal function. By sub-

stituting r - so and recognizing that f(s) - f(r)(dr/ds),

the above equation can be written am

F(s) efp[- m21 ads (G.16)

F(r) can be evaluated for different values of a am followst

1 0.393

2 0.865

3 0.989

The term circular error probable, or CEP, is

defined as the radius r inside of which 50% of the tar-

geted RV's will hit. According to the above values of

F, this radius is between 0 and 2a . Specifically, using

equation (G. 15)

rCEP 1 ir 2
.50 -a -= expI-1(-) ] 27rdr (G.17)

JO 27ra

By substituting w - 0.5(r/0) 2, the above integral can be

solved analytically to obtain

CEP - 'TI '_ 1. 18a (G.18)

This result will be used to define areas of equal proba-

bility around the designated ground zero.
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9bnina Probability Of Damage
and AiM4ng- Error

The overall probability of damage to a missile

depends on the following:

a. the probability of the RV hitting any dA sur-

rounding the DGZ

b. the probability of damage given a hit on any dA

The condition in (a) is given by equation (G.15). Rewriting

equation (G.15) in polar coordinates, where r - p and

dA a dpd8, yields:

I2
f(p) dA 1 exp" P' (G.292'r- ep- ()jpdpde (0.19)

The condition in (b) is given by Pd(i) (equation (G.1)).

Thus, the probability of damage over all dA is

Pd f J (P) Pd(I)dA

27r111 1 lnIi 2 ~~

f ~277TIFa
(0.20)

This integral can be simplified to a sum over N areas,

designated as A area ir as follows:

N
P d fi-•I i Pd i MAarea i (G.21)

XI
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The areas are now chosen so that

Sf(P)iarea ( ) (G.22)I
* That is, the space around designated ground zero is divided

into areas, or cells, of equal probability of getting hit.

Thus, the probability of damage for a missile becomes

5 Pd ill Pdi(I) (.23)

SThe probability of damage from a hit in cell i, Pd (I},

is calculated by finding the intensity I at the slant range

determined from the centroid of cell i (see Appendix C),

and then using equations (G.2) and (G.4). The Pd i(7)o

found for each cell are summed and divided by the total

number of cells, N, to obtain Pdo Knowing Pd' the proba-

bility of survival P5 - 1 - Pdo

Calculating the Cell Centroids

I A 10-cell space around DGZ is shown in figure G-3.

For convenience, each cell is numbered. The dot inside

each cell is the cell centroid, whose position must be

known to calculate the slant range. Each centroid is

defined by <Pi> and <Oi>, where <Pi> is the distance to the

centroid of cell i from DGZ (the center of cell #1), and

< 8i> is the angle between <pi> and the x-axis. <pi>
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It

"I .7 -

I a

iy

It

Fig. G-3. A lO-cell Disoretized SpaCe Around DGZ

3 and <0 >are derived such that they define cells of equal

probability.

I A number of steps a•e' necessary to obtain an

expression for <pi.> using the following variables,

pi 0 outer radius of cell i

nr number of cells in ring r

Nr number of cal~s inside ring r

NT: total number of cells

I
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A ring 'of cells is a group of calls with equal rad'ii, such

as cells #2, 3, 4# and 5. Therefore, for any call in ring

ri' pif of that cell is synonymous to pr for the ring. ?or

a 10-cell conf•guration, the following table can be con-

structed:

Ring_ r

1 1

2 4 5

I I3 510

Since equal probability cells are desired, the.

tot.nl probability of hittinq inside ring r in Nr/NT, and

in turn this is equal to

"N, . 1 1 (2) 2] 27rpdpdO (G.24)

T 0 ~

for all e. The above integral can bf, solved analytically

using the substitution w - p/o to obtain

NT 1- exp(-1( pr) 2 (G.25)

Solving equation (G.25) for pr results in

Pr- a[-2 In 1 - -] (G. 26)
r N T

Equation (G.26) can be generalized by expressing a in terms

lof CEP using equation (G.IJ):
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Nr

CEP ln2~ (G. 27)
L, in 2 J

The following equation in used to find <P >:

Pr-

Pr

<Pr Pr (G.28)

S f (p) 27 pdp
,r-1

Substitutinq; the expression for f(p), and using equation
13.24) yieldm

Pr
N 2 2
NT > ; dp (G.29)

r r Pr-l r

Equation (G.29) is solved by making the substitution

w a p/l and then integrating by parts. In terms of CEP,

the result is

<or > NT Pr- 2 r Pr 2"* - -V e2- l K- C- ( exp[-ln2(c~) ]

(in2 [CNP( (2 In2) -) - CNFI2( n2) n P

(G.30)

M where CNF(x) -cumulative log normal function for an argu-

ment x, as evaluated in equation (G.4). For the 10-cell
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system, the following values are obtained from equations

fl(G.27) -(G3)

TABLE G-I

VALUES OF <i

IRing r P i/CEP <P i/CEP>

I1 0.3899 0.0

2 1.0 0.7109

3 001.509

Thu., <P ,> can be found by multiplying <P r/CEP> by the

given value of CEP.

Table G-11 shown values of eifound by inspection

of figure G-3.

TABLE G-11

I-VALUES OF <

Cell #i ei

3 ~0. 751T
4 ~1 .25""

4 1. 751t
6 0
6 0 .4T
7 0 .ei
8 1 .2"

10 1 .6Tr
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Appendix H4,, Data Cfhor _ q .,hr_

Limit of Bursts

As mentioned in Ohapter 1IT, the upper limit tc,
the number of'b~rsta that will cause'a mjajile's skin

temperature to rise wca determined to be eight.. This limit

was estlmaitd 6y caloulating,"the maximum temperature reachod

for a series of bursts and assuming that each RV lands at

FEits da'sig~ated ground zero (a 1-cell CEP).) The following

table• sunimarites the data, uged '.o arive &t the upper limit

by n lud.inrq the resulto for 4, ,7 0 and 9 bursts. Xt

should be noted that minei.les below #]13 r*;uired fewer

than eight bursts to reach a maximum teomerature, but

these missiles have no probability of survival for even

four bursts,

10
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TABLE H-1

.1 DATA USED TO DETERMINE THE UPPER LIMIT OF BURSTS
FOR A i-CELL CEP

Maximum Temperature Reached (OK)*
Missile 4 Bursts 7 Bursts 8 Bursts 9 Bursts

j s-u j-12 j-13 J-13

21 2,615 3,602 3,611 3,611
23 2,57G 3,543 3,564 3,564
31 1,175 1,550 1,565 1,565
33 1,169 1,541 1,558 i,558
37 891 1,145 1,157 1,157

41 710 886 895 895
4I 708 883 893 893
47 594 721 729 729
51 514 607 612 612

53 513 606 611 611
, 57 458 528 532 532

61 418 471 474 474
63 418 470 473 473
67 389 429 431 431
71 367 398 399 399
73 366 397 399 399
77 350 374 375 375
81 337 356 357 357

83 337 356 357 357
93 320 331 331 331

*Temperatures are rounded to the nearest degreea
however, all mami.mum temperatures for 8 and 9 bursts were
equal before rounding.

j - timestep when maximum temperature was reached.

Fireball rise considered for all results.

cMissiles were launched when silo #1 was hit (tb 1S0 se1).
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Appendix I. Data for Choosing the Maximum

Number of Time Steps

As mentioned in Chapter II, the maximum number of

time steps needed to determine the maximum skin temperature

was chosen to be 11. This choice was based on the results

from a 1-cell CEP, 4 burst scenario for several missiles.

Table I-i summarizes the results for eight missiles along

the length of the field.
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i Appendix J. Data for Figures in Chapter IV

I
This appendix contains tables of data that were

3 used to plot figures 8, 9, and 10.

I TABLE J-1

DATA USED TO PLOT FIGURE 8, TEMPERATURE RISE FOR
THE CUMULATIVE CASE (1-CELL CEP)

1 Burst 2 Bursts 3 Bursts 4 Bursts

j T2 (K) j T2 (K) j T2 (K) j T2 (K)

1 325.40 1 325.40 1 325.40 1 325.40
2 374.45 2 377.49 2 377.49 2 377.49

I 3 392.67 3 447.08 3 447.08 3 447.08
4 400.78 4 491.91 4 505.69 4 505.69

5 405.62 5 508.35 5 574.46 5 574.46

6 406.99 6 514.60 6 604.06 6 638.73

7 404.98 7 513.99 7 608.34 7 693.58
a 400.28 8 507.85 8 604.07 8 704.54

9 393.33 9 496.97 9 592.34 9 695.66
10 385.51 10 483.00 10 575.02 10 677.84

11 466.01 11 552.79 11 652.34
12 527.99 12 622.02

13 502.76 13 589.68

Missile #41.
Laur .h time: 0 sec.
Time of first burst: 0 sac.
t'ireball rise not considered.
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TABLE J-11

I DATA USED TO PLOT FIGURE 9

sTep - top ,,x ETime stop- t,,x/2

"1 2(x /mxT2(K

4505.59 4 l.75 377.30
55 575.00 2.25 409.94

640.35 2.75 446.75
7 9.97 3.5475.00

8709.62 8s.7 505.45
701.93 25 543.49

10 685.22 10 4.75 574.80
11 660.33 11 5.25 601.23
12 630.17 12 5.75 640.16
13 597.60 13 6.25 674.26

14 6.75 696.77
15 7.25 706.13
16 7.75 709.25
17 8.25 706.72
18 8.75 701.46
19 9.25 693.58
20 9.75 684.81
21 10.25 673.15
22 10.75 659.95
23 11.25 645.37
24 11.75 629.86

25 12.25 613.80
26 12.75 597.31
27 13.25 580.40
28 13.75 563.43
29 14.25 546.58
30 14.75 529.71

I Missile #41.
Launch times 0 sec.
Time of first burst: 0 sec.
Fireball rise considered.

Ii
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TABLE J~-XII

DATA USED TO PLOT FIGURE 10
(Cumulative Results Given in Table J-I1)

Burst #1 Burst #2 Burst #3 Burst #4

j T 2 (K) j T 2 (K) j T2 (K) j T2 (K)

1 325.38 1 324.33 1 321.99 1 326.51

2 374.31 2 371.75 2 366.19 3 376.54

3 392.41 3 388.05 3 379.86 3 390.88

4 400.50 4 394.30 4 383.78 4 393.82

5 405.42 5 396.80 5 384.74 5 393.34

6 406.96 6 396.31 6 382.91 6 389.89

7 405.14 7 393.12 7 378.67 7 383.91
8 400.62 8 387.40 8 372.42 8 376.05

9 393.79 9 379.77 9 364.52 9 366.51
10 386.06 10 371.68 10 356.54 10 357.00

Missile #41.
Launch time: 0 sec.
Time of first bursti 0 sec.
Fireball rise considered.

II|
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N Appendix K. ComDuter Programs

This appendix contains two computer programs. The

first one presented is Program Therm, written in FORTRAN77.

This program calculates then probability of survival for

tho cumulative case. Preceding the program is a list of

variables and a flow chart. The second program, written

in Basic, calculates the probability of survival in the

noncumulative case.

I
I
I

I

I

I

I
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IN
I

Variable isting for .Pror THERM

SNAME UNITS DESCRIPTION

N Main

Progr amsa
a J/m2 -_K a - p Pd

alfa - absorptivity of aluminum

alpha - " -5*inLs*1s)an sk)
alt(1l) - array containing altitude attime stoip j

I ang(ii) radians array containing missile
flight path angle at time

* step j

angdata(71) degrees array containing data for
missile flight path angle

BlB2,B3,B4 - cell number of burst 1,2,3,4

beta - - (l/ 4 .10 8 )*ln(iSk/I 5)

Cp J/Kg-GK specific heat capacity,

d m thickness of missile skin

dCT(4,ll) - array containing ACT for burst
Ik at time step j

drd m missile down-range-distance
from first row of silos

h(ll) J/m2-s-°K array containing heat transfercoefficient at time step j

Hfb(4,11) m array containing height of
fireball for burst k atI midpoint of time step j

HiT OK highest maximum temperature
reached during calculation
of P

I 114
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NAME UNITS DESCRIPTION

'Ink OK sure-kill intensity

*I aK sure-safe intensity

u rsttime step

k burst #

LowT OK lowest maximum temperature
reached during calculation
of P5

it a missile launch time

maxb - maximum number of bursts
(Q 4)

Mn - missile #

Ps - probability of survival

rho kg/mi3  density of aluminum

rhocep(1O) - array containing values of the
distance to the centroid of
cell i

sumPd sum of Pd(MaxT) for each burst-
missile configuration

sx(100) m x-coordinate of silo position

Sy(lOO) m y-coordinate of silo position

TaO OK ambient air temperature at
time of first burst

tbl 8 time of first burst

Temp(ll) OK array containing ambient air
temperature at time step

tf thermal fraction

theta(10) radians array containing values of the
angular location of the centroid
C1ll of i
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NAME UNITS DESCRIPTION

ul -upper limit to # of cells

vdata(51) f t/ :.rray containing dav~ forI ~ZiasiJla velocity as a function
,of tima

ve1(11) rn/s array containihq data for
missile velo~4.ty at tip~e
steo. j

W MT Yi@'Xd -ini megatons

xdata(51) f t' a~rraycontatningdata for
misu a f axctiurp

of time45 a f unct ion

I ~zdata(51) ft array qonta3.pn. tatr
missid disi cec dwbl
an a function df time,

Subroutiness Only ambiguous ~variables are listed

I nl: numbner o f bursts

tb S time of burst

ab -silo of burst

newbat logical variable: TRUE when
another burst occurs duringj

z -z - (In MaxT - a")/8

IIar
dgzx,dgzy m x and y coordinate of desig-I nated ground zero

MnY m missile y coordinate
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NAEUNITS DESCRIPTION

4* time into missile flight

*b time of burst

tp normalized time

t time after burst

C'TM fraotion of thermal energy
* emitted up to beginning and

up to end of time stepj

I ~ Znx inmissile x c~oordina".
tdAt a integer times above and below t

t stime of interest

I HCala:

op J/kg-*K specific heat capacity of air

Re -Reynolds number

Pr Prandtl number

I N. NUsselt number

Ta OKambient air temperature

P N/rn ambient air pressure

flrhoa kg/in3  ambient air density

mu kg/rn-s ambient air viscosity

Ikappa J/m-s-OK ambient air conductivity

Xan m point along missile skin
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Start

main Program.

call G~T

Initialize Data1 r.les and
calculate silo Positions

Return to "A-

Prcmt User for Znput:
Mn, l•t maxb, tbl# ul, rise

-- Ca ll[ in itc

She rAn %ont; Air Temperature

1.18



Return to InitCh

3Call HCalo

eturn to XnitCh

IReturn to MAIN 7

=Call ?scale

Calculate-Fir'eball Chart~cteristiou

Returni to MAIN

I Call TCalc for Each Burst-Missile Configuration

Calculate Maximumn Temperature

and Probability of Damage

I2
I 119

I-'V -



aIurl t4 TWa4

Calculate Vobail.ty of OU'ViVal bAi4I 
_~~~~~ ~~write Z o ' a i ) ~ Q t 1 t ~ .I I - -41
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PRICGRAIM Therm

* ~~Written by 2..t Berhaza A, Hall# GNE-SSA1
* ~Air Faore Inutituts of Technology*I * Fall. Quarter, IOU4

*This orogram calculates the probability of survivel of a missle
s ubjected to thermal radidtion fromi a series of bursts for the *I * cumulative coast. The sensrario modeled in this proC~am is the *

*Peacekeepur clone-seeacd basing formation, or Doens Pack.*
*Drtails of the scenario are as follows~

*Threat a Walk at~ti~cI starting at silo #1 and proceeding every 2 *

* secondi to successive silosI * Surface bursts
Yield of eachburst 1 2PI~T

* ~Aiming error onl~y for desi~gnated ground ziro

m 'isuile i Alun&,wn skin

*The proqram A~l~l prompt the usev for t~he following informationt

M Iissile
* Launch tims (se)

0 *ber of bursts to besonaidsted anost be <a4*
* Timo of first burst (see) ianmut be an iesn nulber and

* ~ý* to the Isnu'ch timeINumber of Coll* to be considered i between I and 10
* Option for fireball rise a rise w 1

*Results of the calculation will be placed in the file "thmotiat"
*Thl~a will contain the above information plus the lowest and *

*highest maximumI temrpearatures calculated during the run and the
*missile'd probability of survival,

PROGRAM Therm

INTEGER tbl ,iMnvnaxb#D1 ,B2#83pB4lulpriss
REAL. £Se,XekY,W~alpha~beta,tmaxgtf,rhogalfa,Cp,d,a,Lt
REAL vdatctzdata,xdatalengdet,sx,~ey~rhocsp(10),theta(I0))
REAL vsl,alt,drd,ang,h,Temp,TsO~dCT,Hfb,LowT,HIT,.umpd,Ps

CNVWIfN /block2/sx(lfl),oy(1IQ0)

I DATA 61,82,63,84 /4*0/
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DATA rhocep /0.0t.7109,.7109,.7109,.?7109,1.5O,1.509,1.809,

DATA theta /O.0,.7O5M,2.35619,3.928a,5.A4g7S,0.0,1.2583,
Sa2.51327,3.76M1 ,5.02654/

C an Program
lag a aloi

S~ Y a 2000a

alpha (1./2.).ALoGZ(Ie,*mak)
bets • (1./4,10/)*ALOG(Isk/Isu)
•ax - .017(Y**.,4)
tf a .1A

C Values for Alumirnum
rho ,, 2'Oo
ails . .50
Cp 9 900.

a Cvrod
CALL. ,dute
OPEN(2,fil.e-thm. dat ',Statua.'newi',acculsn, mquential lforma'

+ 'formtted')

I WRITE (.,'(AU)') ' Missile # (Enter I01or peoter to exit),
READ (,,'(uIA)') Mn
IF (Wi *ST. 101) 3TO 100
WRITE (,'(A)') ' Designated launch time (se) e'
READ (*q'(NF4.1)') it

2 WRITE (*,'(Ah)') ' Number of bursts (a4) to be coniLdered,
READ (i,'(fiNI1)') nmxb
IF (mxb .AT. ,) COTO 2

3 WRITE (*,'(At)') ' Time of first burst (must be > it & eoven),

I4 (b L.i O.ITtl2 N.tl2 GOTOWRTE (*,'(As)t) ' Nwiber of e.ils to be :onilJdere"dm
READ ( B,'(13,I)')

IF (ul oLT. 1 .OR. .GT. 10) GOTO 4
5 WRITEC(,'(Ak)t) I Type 1 L? went fireball r•se, 0 if nniaREA(*,'(BW,I2)') rse

IF (rise *NE. 0 .OR* rise .NE. 1) GOTO 5

CAL.. Initl:h(tb1~l,1tamx,Mn,TalO)

W 9 Y/1000.
CALL FBCaic(maxb,tbl ,tmaxriso,W)

C LowT aoid HiT r@e initialized
LowT * 1.0e,8
HiT * 0.0
suPd a 0.0

C Calculate th. maximnum skidn tomiprature and probability of damage
C for a total of 10**maxb burst - missile configurations.
C Rk a current cell rumnber of burst k

IF (maxb *EQ. 1) THEN
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CALL TCalo(Bl 9B2g,93BAPh~tmsx~tbl ,maxbtTuoo~hocopgthgta,

10+ CONTINUE smd~wpitt

ELE F (mfaxb Q2)TE

DO 20 91 1pul
CALL TCaJlo(81 ,2,B3,Bp~ngtnmx~tblimexbTaOgrhacup~thstm,

+ itmPd9LcwT0HiT~lt)
20 CONTINUE

ELSE IF (mexb .EQ. 3) THEN
00 3093 10 1ul
00 30 82 *quI 00 30 91 a 1,ul

CALL TCalo(81 ,82,93,B9Mpbtmaxgtbl ,maxbThO~ihoaupotheta,
* suund,LowT#HlTglt)

30 CONTINUE

ELSE :4!:2;:±

MCALL TCalo(81 ,B2,53,BA4iqngtimx~tbl ,wkbTaO~rhoceoupthta#
+ s~umrd',LowT,NiT,1t)

40 CONTINUE
END IF

UC Write to file
WRITE(2,80)

*9 F0IRMAT(' 1)
WRITE(2j,9O)Wt,lt,nwxbttbi~l ,

IF (rm.EQ* 1) WRITE(2991)
91 F0O'IAT(' Fireball rise considered')

WRITE(2,97)LowTgHir
97 F0O'IAT(' Lowest T a ',FG.3,1 Highest T 19'F9.3)

P a m1.0 - (sum~d/(tul**uxb))
WRXTE(2,05)Ps

95 FaRMAT(' Ps - 1,F8.4)
GOTO I

100 CLOSE (2)
END
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* ~~SUBROTINE TCalc - Temperature Calculation

Peassed i 81, 82, 831, 84, PMi, tumx, tbl, mnxb, TaO, :hoWa(lO), *
* ~theta (10), uun~do LawTO HLT, lItI *~em C I9N m x(IOOC), ay(100), ve1(11), alt(11), drd(II), ang(11),
* ~h(11), Tanp(11)9 dCT(A,11)# Hfb(4s11), tfs alft, YO at
* ~alpha$ betae

[tiE ' ~Called by a %lin p~rogw

aPurpose i Calculates the maximnu temperature and corresponding a
a probability of damage for the burst missile conf igur- a
a ~ation deftned by calls hl(

aCalls Cla - Coll Variablesa.1 * Ms~har - Missile characteristics (IF NECESSARY)a

SUBROUTINE TCulc(81 ,B2,93,B94Pngtmmxttbl ,maxbTaO~rhocep,
+ thvtajaumridOLowTqHiTqlt)

INTEGER 81 ,92,93,84,r'nitbl ,nbpcellrogtbgsb
REAL tmaxPmsxT~attfYtalfagdQtTI ,T2,SROCFTauTaOpawi~dPdiZ

REAL aN,syortiocp(10) ,thtea(10) ,veloaltodrdgangghTenagdCTZp,Pzru REAL Hfb~lt~v~heightqxqphL~t
LOGICAL naibst,

~OIIN/block2/sx(100),sy(100)

Mo~ON /blackA/dCT(A,11 )pHfb(A11I)
~O!N/blocM5/tftalfatY~a~alphs~beta

rib aI

I ~Ti m TaO
T2 a T1 + 1.0

C Condition for as tinuing calculation i
10 IF (T2 .CE. TI .AND. j *LE. 9) THEN

jaj + I
C If newburet has detonated during J9 increase #of bursts by I

IF (nb *LT. mexb .AND, J*tmax eGE# 2anb) THENI~ fb a ft + I
ns~ibt w *TRUE.,

ELSE
rwabst a *FALSEs

END IF*

C CaluulatR dQ for each burst k at time step j
DO 20 k a1
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tb *tb1 + 2*(k-1)
ab a(tb.2)/2
IF (k *EQ, I ) V4WN

ELSE IF (k .EQ. 2) THEN

ELSE IF (k .EQ. 3) THEN
csflno 5 3

LSE IF (k *EQo 4) THEN
0911Ma 84B

END IF
C If row burst has Just occurredo must culculate missile
C ~characteristics at midpoint between, tbk and J*tinx

IF (nuwbat .AND. k sEQ. rib) THEN
t a tbil -t +, J~tmax - (tbl .gj~tmax-tb)/2o
CALL Maichar(tovehsightexophi~s(PI)
CALL CIVaz(SRtCFtTautvthuightoxophitux(rb) ,ay(ub),

+ uy((4fr) ,rhaosp(cosiino)thsta(osflno) ,HfbQk,j))
ELSE

CALL ClVar(SR,CFTaugvui(j),alt(j),drd(j),#ang(j),sit(sb)
+ ,sy(ub) ,sy(r'b) ,haosp(o=llno) ,thsta(aulina),
+ Nfb(ktj))

END IF
A clQ~dCT(koj)*tf*Y*TauE*W*4136u12/(4,03,14I.UIO(SR*02))

20 'CONTINLE
T2 a (TI*(s-h(J)*tInmx/2.).h(J)*tlmE*Tmnp(J)+alfs*dQ)/

+ (s44I(j)'tmsu/2.)
IV (T2 .01. TI) TI a T2
0010 10

END IF

IF (ftXT @LTs LOuT) LOWT s I1sXT
IF (MmxT XT1. HiT) HIT a MexT

C Calculate the proabsbiity of dsmagu and add to running san
Z - (ALOG(qaxT) - elpha)/best
Zp aADS(Z)
Ps * .-I ./(2.*(1 .,.lgsas Zp.IIS51BA*(zp**2),.000344*

IF (Z E.I 0.0) THEN
Pdi. a Pz

ELSE
Pdi a 1.0 - Pi

END IF
au~dI sumPd + Pdi.

END



* SUUAUUTINE ClVer - Cell Variables

*Pamsd i SRO CF9 Taug val(j)q alt(j)q drd(j)g ang(j)q ex(sb),

*Called by i Subroutine TCulo

*Purpose ICalculates SRO CFg and Tam using the given misslem
* ~and burst characoteristics*

MU9RGUTINE ClVar(SRgCVTausvtzoxtphiodgzxxdgzyof~,y,:ocapi.
+ thetalifbh)

RE)L SR#CFtTautv,:,Elphigdgaxgdgzygr'ny~rbocpiothetaipfth

C Notes CE m e20testrs
fthal roaepl*200

xb a dgtx + rhoi*COS(thatAL)I yb m dg~gy + ltloiSIN(thetui.)
pr SWIT((Mny-yb)**2 + (x-xb)**2)
SR w S W (gr*02 + (a- ft )**2)
IF (v *EQ. 0) THEN

I ~ELSE*
coePhi (-b*OSpL+z-b)YSNpL)(Rv
CF a * T - oosphi*02)

END IF
Taum.EXP( -. 02A55-6.A39-5*SR.1 .AO7e-9*(SR**2 )+1 .792e-1 4*( SR**3))
END
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* ~SUBROTINE mIntCh - Initial Characturistics

*Passed i tWe It# tuex, Pb,, Tic
*CORMO i ex(I00), sy(i00)t YO1(11), alt(l1)t drd(11)q mng(11)o

* ~h(11)q Temp(¶1)*

* Called by i Main program

* PRpomse i Calculatee and storui missile chaiactediatioaq h, and
* ambient six temperature. for eich time *tap up to j I I1.*
* ~Values are calculated at the time stop midpoint t
* ~(tbI-lt) + (J..*5)Ntmax

*Calls i MaChar - Missile churacteristics
* t4C"al - Hteat transfer coeffVicient calculation

SJ9OUTINE ZnitCh(tbl ,it~taasxvbaTO)

INitOER tbl ,PbI FEAL ltptmexotOotmovOozOlxOgphiOghO,TeO
WAL velealtodrdeangthamtuq,a~,y

coqw/b~cok2/sx(iOO),ay(1OO)
C Only 9x will be used in thinsubrogutine

C Find aix tnspsuatuz at tO
to a thi - It
CALL Mm har(tqO~vOzO~aaOqphLOqax(Pb))
CALL. HCalo(uO~xO~hO*T&O)

C Calculate missile caereateristios, ht end Temp for midpoint of each
time-toi

0c IQ j a 1,11
t an to +(J...5)*tmtx
CALL M.Cher(tmovsl(j),alt(j),drd(j),.ng(j),ex('b,))
CALL HCaio(vel(j),ult(j),h(j),Turp(j))

10 CONTINUE
END
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* *

* SUBROUTINE FBC.lc - Fireball Calculationa *

* Puaued I mxb, tbl, tmex, ties, W *
* Cam I dCT(S,11), Hfb(S,11) *

* Called by i kin Progom *

* Purpoae o Calculates dCT and Hfb for ela• burst k it 6ach time *

atop e #

* Calls o Function CT - calculatme CT it time tp
* *

SUBROUTINE FICall(maxbtbl otauxqrimjW)

INTEGER maxbtbl ,gbthbqvi
REAL tmexCT,dCTHfb•,CTuCTdWgt
LOGICAL auwbotcm/blcck4/drT(4,01),Hft(*,1)

C Initialize arrays
00 1 k 1.4

D0 5 at- 1,11
dCT(kj) a 0.0
NI'b(ktj) a 0.00

5 CONTINUEI
rib.1

C For each time stop jo
00 10 j w 1,11

C If a new buret has detonated du•ir• j increas I of burst•
IF (nb .LT* mexb oNDOo J*tmx *Me 2*nb) THEN

nb.nb+1
rwtabt a 'oTRUEo

ELKE
nwebnt * .FALK.,

ENDO IF
C For eeoh burt k that has coured i

00 20 k m 1,rib
tb m tbl + 2*(k-1)

C Find dT for burt k at time tp t/tmax
tp w (tbl + J*tamx - tb)/tmax

IF (tp .LE. 10) THEN
CTu *c'r(tp)
tp * tp - 1.0
IF (tp AT, 0) THEN

CTd * CT(tp)
ELSE

CTd * 0,0
ENO IF
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S'dCT(kj) a CTu - C"d

END IF
c If requiredo find fireball height for burst k at time t

IF (tin .CQ. 1) THEN
C If a new buret has Just occurred during j, then
C Hfb is calculated for the midoint of the tifs
C fr tb tot• J*tmex. Otherwise, ifb Is
C calculated at the udpoint of time stop J

IF (nebt .ANO. k .1g. rn) EN
t m (tbl +. J*tmex - tb)/2*

LSE
t thl + (J-.o)":ttmx - t,

END IF
Hfb(kJ) - 21.eso(wew,177)*(1,-(1,-t/240o)**2)

END IF
20 CONTINUE
10 CONTINUE

END
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i

* FUNCTION CT N
* *

SPuasd I CT0 tp
S*

C •Cleld by i Subroutinh F8Calc - Fir1ebal calculItions

D Purpose i Calculates CT at normalized time tp from uq.JstLori-
* ~determined using linhar regression an Figure 744A of
* ~Glmutota end Dolana (Glasstone and Doamn, 19770311)

* *

FUNCTION CT (tp)

IF (tp .. * .75) THEN
CT a -. •02*tjp + ,24*(tp#*2)

ELSE IF (tp AOT. .7 ,ANO. tp ,LE. 1.5) THEN
CT a .32*tp - e12

.ELSE I (tp GT* 1.S .AND, tp ,LE. 2L) THEN
CT * -,25?21igoBWS6A1tp=.096g0'9*(tp02)

ELSE IF (tp GOT. 2.5 .ANO. tp *LT. 10.0) THEN
CT m 33Uso.•, #049904#tp-.ooA94B1A*( .p**2)

ELSE IF (tp .6Q. 10.0), m
CT GOO

IE IFC

I

I

i
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* ~~SUSOUTINE PlaChui' - Misailc Characteristici

*passed I tt vol(j)t ult(j), drd(j), mng(j), sx(Mn)
Ca C I9O vdwbs(81), Zdatie(5)p xdmta(51), angdst(51)*

*Called by i Suboutine !nitCh - Initialize characterisit$cs

*Purpose i CalcuLitt" missile valocit'yl altitude, dowm-range- *

*distanco, and flight path angle at time tuwing data

SUBRMUTNE MW~har(tpvozxixphLpMnx)

REA& ttvtztxtphiPx
INTEGER tdgtu
REAL vdstasideatulxatagamobdt/bIk/ft~iodkag~x@(1lr~ (1

CDetermidne lower and upper l1Ait. of interpolation
td a INT(t)
tiu a td 4, 1

C Find velocity, altitude, anid distance from silo
If (t .AT. 50) THEN

Mo0.t - IM

ELSE
C Use linear inteurpolaionU~ to calculate valueI v a (t-td)*(vdsta(tu.I)-vcdata(td+i)) 4 vdate(t~da1)

x w (t-td)'(zdtat(tu+I)-zdats(td.*1)) + zdate(td+l)
x - (t-td)#(xdata(tu+l)-xdata(td.*1)) + xdoata(td+1)

END XF
C Find fl1igt path angle

IF (t 414 70) THEN
phi a 30.15 - 0104-70)

ELSE
END Ir

C Convrvt to motors and redJtans and calculaet diwn-range-disatnca frwo xa0

v V#0*3048

x x*430AS + rMhx
Vphi a phi*3.l4lbS/180.
END
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* SIEROUTINE HCalo - Host Transfer Coefficient Calculation

*Passed s v.1(j), alt(j), h(j)o Tawp(j)

*Called by i iubroutine InitCh - Initialize characterisutics

*Puipos i Caloulates h using missile velocity and "L~ent air
*proportion at missile altitude* Air proportion are 0
* founmd using e~uations from US BStndard Atinosphetm 4
* (NOAA, 1POOt-30) 0

SUBSftUTINE HCalo(vjx~htoT&)

REAL v, 9 htoTa
RMA op ftqPzNupXmvPqrhoajmUqkapPe

C Find snbisnt &ix conditions at a using US Standard Atm~osphere equations
IF (I .4T. 110ma.) THEN

To 288,15 - ~0065450a

ELSE IF (a *GE* 11000. *AND# a *LT* 2W000) TWEN
Ta 216.,85

ELSE IF (z .OE. 200=e .ANO. 2 .LT 32000.) THEN
Ta a 218.66 + O001*(z.-20M00,)
P 0 5620.*((21~6.5/Ta)**(.03414/.o01X))

ELKE IF~ (s Ge. 3Z00o. ANDo a .LT* 47000.) THEN
Ta w 238.83 + #0020*(z-3200C.)
P a t.8.S((228.85/Te)**(.03A1BA/.O02B))

ELKE
WRIT(*,)Iz> 47000'

END IF
r'hoa a WAOA*8P/Ta
mua le458e-4*(Ta**1.5)/(To + 110.4)

kappa w.2oW438e-3*(Ta**lS)/(1'a + 245.A'(l0**(-l29/Ts)))

C Calculaet the heat transfx woefficimit at point. xn
op a 240040648

Re a rhoa*Y~xm/raj
Pr r. nu*op/kappe
IF (Re .LEv 5'W00t.) THEN

Nu au32(r*l/3)*fs*5
ELKE

END IF
htc P&ý spJ./

END
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I ft AJUOUTINE Meat* -Got Data

*COMMO t vdata(B1)p zacta(BI)s xdata(51), angdst(B1)o sx(100),
* usy(100)

Puralsed b Initializes miuuileu chmarateuistic aurroyoby reading f

SUMOUUINE Gdata

REAL vdatavzdata oxdatatangdatqsxq yodx ldyeihaaupgtheta
COMMO /bloakl/vdata(51 ),zdata(51 ),xdata(51 ),angat(71)I COMMON/bloak2/sx(100)#sy(100)

C Read In, date fro Mnfim
10 FOWMT(ONIPS.1)
20 FaMMT(BNPS.2)

OME (Ulf~ivlmvaldatfotxt'vatatusu'old'.e

DO00 L a 1,51
READ(SOG)vdaet(i)

30 CONTINUEI CLOSE (9)
OPEN (9,tileu'sltdataotxt' ,atstu..'ald',

+ Acoessi'aIquontial 1 ,for"I mforwmtted)
REWIND 9I DO 0LaG I 1,51

REAO(9,1 0)zdata(i)
40CONTINUEa CLOSE (9)

OPENI (10,fLieledrddata~txt',statum.'aldto
+t sciass.s~qm Im tia3' fan I formatted)

REWIND 10

50CONTIMX
CL0SC (10)
OPEN (11 ofLlmu'Idegdataotxt' satatues Iold's

+t ICaccss.' ain LalfltJ formu' 7orfttbad')
REWIND 11IH ~DO 0Lao i. 171

READ(II ,2O)iangdmt(i)
SOCONTINUE

CLOSE (11)
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U ~C Calouasts and satei silo x and y position
dX a 519.82
dy a 300.
00 '70 1 a 0,15,A

sy(±4.1) La0.0

sy(i+3) * 2*dy
sy(i*3) ay

uxj a 1

sx(j+1) a ±'dx
ex(J+3) a i~dx
ex(tJi4) m (LIt.)Odx
sx(J.5) u (LIii)*dx

G0 CONTINUE
* END

13
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1 0 REM 00***** THEMiA INTERACTION / Non-Cwvjlative Effect
20 DlIM VDATA(Si),ZOATA(51),XDATA(51),ANODATA(71),ILT(100),5X(100),SY(100)
30 GOSUB 11M0 i REM Initialize vulqaltqdlrdvang,mlt,sxqand sy arras'y
40 PI a 3*14159 1 DIM CT(i1)
so DATA O.O,0.2,0W4088,.5763,O.S388O.8871 ,.7277,0.7584,O.7?t92,0.7902,0.80
GO FOR I *a 0TO 10 1 READ CT(I) i NEXT II 70 DlIM RHOCEP(1O),flITA(1O)
80 GOSUB 1020 i RMii Call. "routine to initialize N call cmntroid cc-aotd
90 INPUTWYisld (KT)wjY i INPUT RNqmsxb~rite";NgKAXBRISE
10 GO 0 HO m 0 155 a 519 1 I3K a ON9 i CE 200
110 ALPHA a (11/2t)GL00(ISS'ISK)s BETA a (11/A.1O8)Nt.OG(ISK/ISS)
120 TMIAX w *0417*Y.*44
130 RHO4u700 i ALFAw.5 a CVOCO 1 0 m,001 oREui values for Al
140 A a CVWRHO*D i C a ALFAUPMiX/(A*41*PI) a TV a .18 1 XMi u 5.5
150 INPUT"Silo # end designated launch time"ISNLT
180O INPUT"Tim. of first burst (musat be >% launch tine and evmn)"iTBl
170 LPRINTeLPRINT"hiiiasi 0015NI" Launch ti";LT;" First burst at tine o";TBI
180 LPANTNY(KT)aI~,YWNaW.NWfhxbat",MAXB9hriseaWRI5E
165 LOWT a 10000 I HIT s 0!
19 GO OOI 230 1 REM Find cumulative Ps

~1200 SOTO 00
210 END

13

ima



230 RM Subroutine to ca1culaet cum Ps for f irst four bursts affecting SN
24J FOR NB a I TO 14AXB
2M0 T9 T~i+20(NB-)e t SOa(TB.,2)/2 *

20TM- LT
280 FOR I a i TO N
290 PRINT N9.I
300 3 a0 1T m TO * SUB 510 1Z aALT iGOSUB 680 sT1 m TA
310 REM
320 J m 3+1 1 T mTO +(J-.5)*TMWAX
325 IF RISE a I THEN WS1 2I840.8*(Y/IO00t) v.I77*(It-(IS-T/2401)22)

33COSUB 51 :0 1 MM 580 GOU9?90 1TEM'P aTA

350 NEXT N USN"#"3;IRN SN"##.#WT

380 T~uI a/)SP T2 PI IF P J IF 10 u THEN GUPPSP 320 UIP

390 RETMR

32 I T <LOTTHN OW aT xIFTI> I TENH36aT

40 9 L(l-LH)9T



830 IF T > 50 THEN GOTO 810
540 IF TOTO THEN VLuVDATA(T)gAL.ZI3ATA(T)sO~uXDATA(T)tGOT0 820
580 RE
560 vi. - ((T-TD)/(TU-T0))*(VDATA(TU)-V0ATA(TD)) + VDATA(TD)
570 AL * ((T-TD)/(TU-TD))*(ZDATA(TU)-ZDATA(T0)) * ZDATA(TO)
SOD DR * ((T-TD)/(TU-TD))*(X0ATA(TU)-XDATA(TD)) + XDATA(TD)
590 GOTO 820
800 REM
B10 Vi. w 105*T-1350 i AL a 2460*T - 50001 1 DRa37DU*T-1270fl1
820 IF TY?0 THEN ANGm 30.8 - *10(T-70) a GTO 650
8330 IF TuaTO THEN ANG aANGDATA(T) aGOTO 850
840 ANG.(((T-TD)/(TU-TD))*(ANGDATA(TU).ANGDATA(TD))+ANI3DATA(TD))
8350 VEL a VL0.3048aALT a AL*.3046,ORO w CR*.30484.SX(SN)i AN(U * ANG*21*PI/380t
680 RETUIRN

870 REM
580 REM Subroutine to calculaet SM, CFp and TAU given ALT
890 DELTAZ x ALT-HFS I MCIz - RgcP(I)*ccP
700 X8 w DGZX + iOPaCOs(THETA(I)) i Y9 = DGZY +. Rt0ISIN(ThETA(I))
710 OR a SwR((SY(SN)-Y9)12 +, (DRO-XB)02)
720 SR aSQR(GR*2+ DELTAZ'2) i SRX aORU.-X8 iSRZ sDELTAZ
730 IF VEL aO0THEN CF1 a IIWOT760
740 C0F~iI a (SRX*VEL.*cS(ANG),SRZ*VELYISIN(ANG))f(SR*VEL)
750 cF a SQR(1t-coSPIz2)
750 TAUEXP(-.02455-6.439E-055R-1 .407E.09SR'2+,1 792E-1 A"SR'3)
770 RETURN

78n REMq
79(3 REM Suroutins to calculate host transfer coefficient, h (3/a2-2-K)
800 Z ALT iGOSUS 801REM Find wobint air thoaTAgluoks at z
810 CP *240*4#184

820 RE uRH0AOVEL*XN/MU.
830 PR * MU*CP/KA
840 IF RE<u50C200I THEN NUsu.332"PR'(1/3)*RE'*5 ELSE NU-.G298*PR'(1/3)*RE'(4/5)
850 H. NUI(A/XI'
860 RETURN
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970 RtEM *****e****1m******************4**
800 REM P.ubroutns o UIS Stmndard Atmosphere to 47 kmn
M0 IF~ Z < 11000 THEN LK * -. 00B549 s PK a I1013001 o TK a 288,.15 s 1K w 0

900 IF Z)'ullODO AND Z<20000 THEN LKmO s PK22SUO1 e TKu2I55 s ZKwi1000
910 IF D=20000 AND 1(32000 THEN ULu.001 o PK452S s TK.21.8 o ZKaZOC
920 IF Du32000 AND Z4470001 THEN LKu.0028 SPIK468*8 s TK*22*8. M42000OO
930 IF Z >=n 47000! THEN PRINT "a >a 47000# so consut NOAA ?cc values"
940 IF LK is 0 THEN GOTO 950 ELSE GOTO WO0
950 P w PK*WX(-9034194*(Z - ZK)/TK) s TA a TK s COTO 970
960 TA m TK +. LKO(Z - 1K) s P w PK*(TK/TA)*(.034184/LK) v GOTO 970
970 RHOA a sOO3484*P/TA
M0 MUJ a 1.45EE-08*TA'1.1/(TA a. 110.4) s REM (kg/rn-u)
M0 KA an 2.54638E-03*TA'(1.5)/(TA + 24S,4*10'(-i1t/TA)) e REM 3/(mn-"-)
I000 RETURN

1010 RDI04 ******04**5***i** **00U~~*
1020 REM &Awout1ns to initialize ooordinstan of IN equal prob cell grid
1030 MoCE~i.0 s FOR 1.2 TO 5 ,,, I:P(I)*..7109 t NEXT I
1040 FOR I * 6 TO 10 1 ROP(I) * I.8AN a NEXT I
105M TH[TA(l)wOt s THETA(2)m(2*P1/4)/2 s THETA(l) a Of
I080 FOR I a 3 10 5 s THETA(I) a THETA(I-1).(2UP1/A) o NEXT I
107 FOR I a 7 TO' I a TH9TA(1) a THETA(1-1)a.(2*PI/$) oNEXT I
1080 RET`URN'

1090 FIN
1100 REM Sahroutins to inaitialize velgaltodzdoongornlt~extaad *? strays
1110 Oam "I".D1,"Saveldat..txt"
1120 FOR I a 0 TO 50 s INPUT #I1,VDATA(1) o NEXT I i ULOE #1
1130 OPEN ff!",E20wIuultdata.txt*
1140 FOR I a 0 TO 50 INPUT 12,ZDATA(I) s W11 I o CLOSE 02
1150 OPEN "i's 0 30"Ssdrddata.txt"
1180 FOR I a 0 TO 50 1 INPUT 13vXOATA(I) i NEXT I o CLOSE 03
1170 OPEN "I",I1,"Bidogdatsa.txt"
1180i FOR I a 0 TO 70 1 INPUT #i.ANGDATA(I) s NEXT I e CLOSE #1
1100 CIPEN N 1NtolNBomwoutfl
1200 FOR I m I TO 10 Ma INPUT 01,f1L.T(I) s NEXT Ias CLOSE 01
1210 DX a 519.82 s DY a 300
1220 FOR I w 0 TO 95 STEP 5
1230 SY(I.1).O s 5Y(I.2)*2*DY s BY(I+3)o4'nY t SY(I+4).OY saY15)3D
1240 NEXT 1
1250 J a 0
1280 FOR I a 0 TO 38 STEP 2
1270 SX(J.1 ).I*OXaSX(J+a2).V*DXaSX(J+3)aI*DXISX(J+4)u(I1 1)*OXUSX(3,5)u(Iel )"DX
1280 J a3J5
1290 NEXT I
1300 RETURN
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'i Appendix L. Results of Dust Shielding Analysis

The following table presents data which shows

that the geometric treatment of dust shielding does not

affect the transmittance to any missiles of interest

I (i.e., missiles past #31). The values of 0 given are the

maximum values reached during a four-burst, 1-cell CEP

scenario.Iq
TABLE L-1

RESULTS OF DUST SHIELDING ANALYSIS

missile launch time, 0 sec
Time of first burst: 0 sec
1-cell CEP
Fireball rise considered

1 ___')200:_ _ _w 0

Maximum ¢ (0) for Burst #
Missile # 1,2 3 4'

11 27.4 18.9 9.5 1.5

14 22.9 16.1 8.4 1.2
15 22.1 16.1 8.7 1.1
16 19.9 13.6 7.0 1.0
21 15.5 10.6 5.5 0.7
31 10.7 7.3 3.9 0.5
41 8.2 5.6 2.9 0.3
51 6.8 4.5 2.4 0.3

I
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